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Training plays a major role in improving work within organisations by ensuring that the 
appropriate level of knowledge and skills are shared among personnel. It moulds the 
thinking process and leads to quality performance. However, training which includes a 
practical aspect usually targets a specific type of trainee and can limit the learning of an 
individual coming from a different background than that taken into consideration when 
the training programme was originally developed. This research focuses on training, and 
attempts to develop a program using a virtual reality (VR) system as a platform to create 
a simulated working environment which has the flexibility to train staff members of an 
organisation, who may come from a variety of different professional backgrounds,  in 
the concept of the lean enablers. 
The main concern of this research is the adaptation of lean training for a virtual 
environment. Existing training methods have been analysed, along with the various 
ways in which they can be implemented, and these have been used in this research as a 
starting point from which to construct the virtual work environment. Through the 
research, a method has been developed to set up and run a training session using a 
virtual reality (VR) system by generating a structure to design the modelling elements 
that compose the virtual workplace, as well as establishing a method so that a trainee 
can navigate the simulated environment and perform tasks. A program to collect the 
performance measures and visualise the results has also been developed, with the aim of 
enabling the evaluation of a simulation run by assessors/trainers. 
This research covers new ground in providing a simulated working environment, which 
can suit any trainee’s professional background, to facilitate learning about the lean 
enablers. It offers the capacity of establishing a simulated work environment which can 
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represent the trainee’s workplace and provide the necessary practical experience in 
order to grasp the concept taught through the training program. Additionally it offers the 
capacity for assessors/trainers to observe the performance measures and the trainee’s 
behaviour, simultaneously, while undertaking a simulation run. These combinations of 
information can be complementary and enable assessors/trainers in providing the best 
feedback while improving the learning curve of a trainee. 
Although training programmes in organisations have provided a number of 
improvements in completing work with high efficiency and minimum waste, the 
outcomes collected in this research demonstrate that their benefits can be pushed further 
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VR   Virtual Reality 
SOP    Standard Operating Procedure 
SOR   Standard Operation Routine 
SWES   Standard Work Element Sheet 
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   jobs so parts can be sent to the next workstation to be processed  
 
% working  The percentage of time when machines are working
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Chapter 1: Introduction 
 
1.1 Overview 
Today organisations are facing an increase in global competition, customers’ 
requirements are becoming more demanding and work processes are becoming more 
and more elaborate. To overcome these challenges, Toyota developed a work concept 
known as “lean”. The philosophy behind lean principles is “use less but achieve more” 
through restructuring workplaces and eliminating non value-added activities (Melton, 
2005). Due to the pressure of improving work quality in order to stay competitive, many 
organisations have adopted the lean principles as opposed to the traditional mass 
production (Melton, 2005). Its implementation requires setting up a work environment 
where personnel have a deep understanding of the work to be done and can complete 
jobs in coordination with the lean principles. Training programmes are commonly used 
by many large organisations with the objective of providing staff members in a 
workplace with the required knowledge and skills to perform their job efficiently. 
The aim of this research is to attempt the development of an innovative training 
program which can enable personnel to get a full grasp of the lean principles and to 
improve their skills.  
1.2 Problem statement 
To be part of the world market, organisations need to increase their productivity by 
investing in their work processes and skilled personnel as well as having the ability to 
adapt their work based on the customers’ requirements (Terry, 2011). Ultimately they 
require staff members who have the capability of carrying out several different types of 
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job. Training programmes can be a way to reach the required level of knowledge and of 
being able to meet customer demands.  However, their use is not free of challenges, 
especially in aspects such as: 
a) training a workforce on-the-job and facing the possible damages which can 
occur due to the lack of experience (Pennathur and Mital, 2003). 
b) difficulty in measuring the effect of a training session on productivity at the 
individual level. Kenn et. al. (2013) have analysed the potential demand for “on-
the-job-training” by conducting a survey within two Japanese automotive 
companies. The objective was to investigate the difference aspects of “on-the-
job-training” and how much can it improve the productivity of an employee. The 
data collected through the survey describes an improvement in the relationship 
between productivity and organisational adjustments, however evaluating 
individual staff members was challenging,  
c) providing a practical experience to trainees: this can be a predominant factor in 
conducting a successful training session.  The necessity of having a working 
environment where a trainee can put the taught knowledge into practice is 
essential in providing an efficient session, however training programmes which 
use a simulated workplace are only able to provide one standard environment 
which cannot be adapted to guarantee suitability for all trainees. Hasan et. al. 
(2011) have focused their study on identifying the gap between the effectiveness 
of the learning environment and industry application on skills and competency 
in construction project success. Surveys were conducted with 420 respondents, 
which were composed of 50% employees and 50% employers. Using a 
correlation method, the results of the surveys demonstrated a gap between the 
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theoretical and the practical aspects of the work. Too much emphasis on 
specialisation was noticeable within organisations as well as a lack of cross 
fertilisation of ideas/experiences between departments – employees are 
encouraged to follow a unique specialisation as opposed to sharing knowledge 
between specialists of different areas. Additionally the practical aspect of 
training should not interfere with the ongoing work, however this requires 
providing an approach which can offer trainees the possibility of putting into 
practice the taught methods (Gadre et. al., 2011) and finally 
d) enabling the “decision-making” aspects which are not always obvious in training 
programmes. Jenkins et. al. (2011) have looked at the decision-making aspect in 
a training programme for a synthetic environment through observing the way 
individuals make decisions and how closely it can be linked with their 
experience of the domain. The approach taken by the authors is to develop a 
prototypical model of decision-making to manipulate a tank; it consists of 
modelling the actual behaviour and extends this to a context independent 
prototypical model. The aim was to observe the relationship between the work to 
be performed and the decision-making strategy. Jenkins et. al. (2011)  have 
highlighted the difficulty of information-based training such as lectures, 
handbooks or procedures to equip decision-makers with appropriate stored-







1.3 The aims and objectives of research 
This research has been part of the Technology Strategy Board (TSB – ref K1532G) 
focusing on “Accelerating process excellence using virtual discrete event process 
simulation”; it combines advanced visualisation capability with a lean training 
environment. Some of the objectives of the project were: 
 to develop a lean training environment with the aim of improving both the skills 
of lean practitioners and the operation skills of those required to implement and 
operate the lean improvements. The training program will provide visual cues to 
lead new learners through individual lean process changes. Learners will be 
expected to use the simulated environment to analyse, to generate alternative 
solutions, to select the best solutions and to implement them. 
 to establish an advanced visualisation capability, which is responsive to user 
needs and enables physical interaction with the simulated models, and 
understands the complexity of the trainees’ behaviour. Moreover, a 
visualisation method is required to allow the learner to quickly assimilate the 
necessary information throughout the simulation.  
Taking into consideration the aims of the Technology Strategy Board, this research 
investigates the possibility of the use of a virtual reality (VR) system as a support to set 
up a training session as well as enabling sets of tools which can help a trainee during the 
learning phase. The development of the training program is inspired by methods used 
within organisations to implement the lean principles and the several techniques used in 
video games for interaction in order to create a simulated environment where a trainee 
can be surrounded by the virtual workplace and be able to navigate and manipulate 
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objects intuitively (Schubert and Strobach, 2012). The aspects treated in this research 
are the following: 
a) exploring methods of training used within organisations and analysing the 
aspects of setting up and running a training session: examining the existing 
training methods, extracting the major elements relevant for the training 
program and adopting the best practices in the proposed method, 
b) examining the implementation of the lean enablers in a workplace and how staff 
members of an organisation are trained: identifying the main aspects of 5S and 
Standard Operating Procedure (SOP), 
c) investigating the limitations of the equipment used in the virtual reality (VR) 
system and developing a method which will allow for interaction and make 
decisions possible during a training simulation, and 
d) generating the performance measures of a simulation run and being able to 
analyse them. 
The research will undertake each aspect based on lean thinking, and support will be 
provided by the Technology Strategy Board with the objective of establishing a virtual 
reality (VR) training program for lean principles.  
1.4 Scope  
The scope of the research includes: 
 Developing a structure to implement a training environment which can enable 
the application of the 5S and Standard Operating Procedure (SOP),  
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 Having a flexible training environment – being able to customise the work 
environment or the work process,  
 Developing a training environment with the purpose of conducting a simulation 
run for one learner at the time. 
However, the cost aspect as well as energy consumption will not be part of the 
investigation. 
1.5 Structure of the thesis 
In chapter 1, a brief introduction is made regarding the challenges faced by 
organisations in order to improve work through providing the adequate training 
programme for their staff members. In addition, it describes the entire structure of the 
thesis and introduces the content of each chapter. 
Chapter 2 reviews the lean concept in workplaces. It defines the lean principles and 
analyses methods of implementation. The chapter introduces the importance of lean, the 
relevant benefits and in particular, waste reduction and how can it be implemented in a 
non-lean environment. Additionally the literature reviews cover the lean enablers: what 
they represent and how can they be applicable in the context of this research. 
Chapter 3 illustrates training programmes undertaken within organisations. This chapter 
looks at the variety of training methods developed in diverse sectors of activities and the 
concepts which have been implemented. Based on the literature review, the research 
identifies the organisations’ common objectives and the approaches used to implement a 
training programme in workplaces. In the second part of the chapter, the virtual reality 
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(VR) system is examined: the characteristics of the system, how it has been used in a 
training context and how it benefits the research.  
Chapter 4 describes the research methodology, which combines both quantitative and 
qualitative types. Based on the aims and objectives, the development steps of the 5S 
training program are illustrated including the design of the modelling elements, the 
development of the “decision-making” tools and the generation the performance 
measures. Moreover the experiments are designed with the aim of investigating the 
advantages of having a training program using a virtual reality (VR) system by 
observing the effects of the “decision-making” tools on the outcome of a training 
session. 
Chapter 5 illustrates the steps carried out to build the training program for Standard 
Operating Procedure (SOP). Using the same foundation developed for the 5S training 
program, the research goes further by enabling the use of the “decision-making” tools 
for the SOP, manipulating 3D modelling objects and visualising the performance 
measures in real time. As in chapter 4, a series of experiments will be conducted with 
the aim of demonstrating the benefits of the training program through evaluating the 
support of the “decision-making” tools provided for a trainee and how the program can 
improve learning.  
Chapter 6 discusses the results obtained in this research. It begins with a review of the 
different training programmes illustrated in chapter 3, highlights the contribution of this 
research and illustrates the procedure to undertake in order to implement the proposed 
method in a training context. Additionally a discussion is carried out about the results 
collected during the simulation runs of the 5S and Standard Operating Procedure 
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(SOP). Finally the limitations of the proposed method are mentioned: the causes of the 
limitations are described along with the solutions. 
 Chapter 7 draws conclusions from the research and summarises the contribution to 
existing knowledge. 
Chapter 8 lays the ground for further research and investigation as it describes future 
















Chapter 2: Lean manufacturing and lean enablers 
2.1 Introduction  
This chapter describes the fundamental aspects of lean manufacturing, firstly through 
examining the elements that contribute towards the implementation of lean, then 
drawing an outline of the main principles and wastes in order to develop an 
environment that acts as a training improvement exercise.    
2.2 Lean manufacturing 
In the last century, manufacturing has experienced a huge expansion, especially in the 
automotive sector. Its revolution started at the beginning of 20
th
 century with a drastic 
increase in the demand for auto motives which led this sector to become more 
competitive.  In 1910, after a period of careful observation, Henry Ford applied with a 
new manufacturing technique called mass production consisting of producing 
standardised products in large quantities (Alizon et. al., 2009). Many years later, in 
1980, a second revolution took place within Toyota, known as the Toyota Production 
System (TPS) or “lean manufacturing” (Melton, 2005). Based on the main aspects 
already developed by Henry Ford in terms of mass production, lean manufacturing 
brought in a new way of thinking which focuses on customer values, reducing non-
value added activities, operators’ empowerment and involvement from the bottom up. It 
allows benefits such as the improvement of quality and safety with minimal errors, the 
customer demand, a stable working environment with clear standardised procedures 
which creates the foundations for constant improvement, and finally cost effectiveness 
with higher efficiency whilst using the same resources. Although having a reliable 
machine operating system is important, what is essential is the staff members’ 
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knowledge and how much understanding they have about the different activities that 
occur within the production line (Yousri et al, 2011).  
Ohno and Shingo have underlined the importance of workers’ involvement, especially 
in decision making, when it comes to process improvement (Granerud and Rocha, 
2011) and (Anand et. al., 2009). In this research, adapting the learning of lean 
manufacturing principles for a virtual reality (VR) environment is taken into 
consideration by developing new ways of setting up a training session and analysing the 
results with the aim of rectifying errors, which can be caused by malpractices while 
working, and improving the current state of production.  
2.3 Lean manufacturing principles 
Lean manufacturing has been implemented in many industries and service sectors to 
maintain a competitive organisation and increase the global market – it stands on the 
five principles below (Khalil, 2005):  
a) Customer values – concentrate on production based on customers’ values 
whether they are internal or external. The processes are defined and analysed 
according to the customers’ requirements and all the non-value added 
activities are targeted to be removed (Abdulmalek and Rajgopal, 2007). 
b) Value Stream – represents a series of actions to bring products through the 
production lines, starting with raw material and ending with the customer. 
These actions consist of identifying the product or family of products as the 
target for improvement, drawing the current state map of how things are done 
and creating the future state mapping, representing the production after the 
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non-value added activities have been removed (Abdulmalek and Rajgopal, 
2007). 
c) Flow process – concentrates on arranging the work environment in order to 
provide a continuous flow where materials are available when needed as 
opposed to moving them in large batches (Melton, 2005), 
d) Pull system – consists of setting up a production method where products are 
produced according to customers’ requirements. The pace of the production is 
given by downstream activities requests – whenever a job is completed, 
materials are pulled from a downstream process. This process allows the 
reduction of inventory in the production lines (Ohno, 2011).   
e) Continuous improvement – is based on keeping to the lean principles 
throughout the production and ensuring continuous improvement. It also 
focuses on eliminating wastes, reducing lead time, inventory and rework 
(Melton, 2005).    
The objective of lean manufacturing is to obtain a high quality of product in order to 
meet customer requirements. It also ensures the minimisation/elimination of non-value 
added activities which are seen as wastes; they go against improvement by affecting the 







2.4 Lean wastes 
To be able to implement the lean principles, it is essential to have an understanding of 
the wastes in manufacturing. Lean defines seven wastes which are: 
a) over-production: it leads to the creation of a high level of inventory by 
producing too early or more than the required demand (Hicks, 2007),  
b) inventory: is generated by ordering more raw materials than are required to 
fulfil the customer’s order. Additional handling and space are also generated 
by the high level of inventory whether they are raw materials, work in 
progress or finished goods (Melton, 2005). 
c) transport: occurs when unnecessary movement of materials is made. It can be 
defined in two aspects (Cuatrecasas-Arbos et. al., 2011):  
i) internal transportation which occurs with redundant  movement of 
materials between the depot and the factory or within workstations 
due to poor layout: this can cause problems such as increasing the 
time taken to complete a product and causing a decrease in the 
product quality, and  
ii) external transportation related to unnecessary movement of raw 
material between suppliers and shop floor.  
d) over-processing: happens when a process step does not add value to the 
product. It usually occurs for various reasons such as poor communication 
between suppliers and factory, process duplication, working with oversized 
batches, or other reasons which can cause production too early or the 
production of too much. Over-processing can lead to an increase in the level 
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of inventory which can be the source of other problems (Abdulmalek and 
Rajgopal, 2007). 
e) waiting: relates to queuing or the time taken to get hold of raw material, parts 
from the upstream process or send to downstream activities and tools. It 
causes operators, equipment or products to wait for materials to come or 
products to be sent to the downstream process. Waiting is considered to be an 
effect of different types of variability that can occur from the upstream or 
downstream process of a production line (Hicks, 2007). 
f) over-motion: is linked with the extra steps taken by operators or equipment to 
complete a job/activity. Excessive motion can be caused by a poor layout, or 
an incorrect/ unclear job description (Melton, 2005).   
g) defects: occurs when a product or service does not meet the specification or 
customer’s expectations, which leads to either rework or scrap (Melton, 2005). 
The wastes identified in lean are used in this research to develop the algorithms which 
will output the performance measures. They do not appear directly in the results; 
nevertheless through the performance of a trainee during a simulation run in the virtual 
working environment, wastes such as transportation, over processing, defects and 
waiting can occur. Therefore using them as parameters, they will enable the 
development of the algorithm that generates the outcomes of a training session. 
2.5 Manufacturing system 
The aim of the training program consists of providing a learning environment using the 
3D models implemented in a virtual reality (VR) system where trainees can benefit by 
learning the lean principles and implementing them in a working environment. 
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Identifying the manufacturing system will allow the research to set up the training 
context and establish a learning method. 
a) Types of manufacturing system 
The purpose of lean training is to support organisations to overcome any gaps in 
knowledge that will cause the non-implementation of the lean principles (Yang et al, 
2011). By exposing the different types of manufacturing system, identification of the 
appropriate system can be made for the purpose of developing the training program: 
i) job shop production – a type of manufacturing process in which items are 
produced according to the customer’s requirements. Production is planned 
to handle a wide range of products designed and performed at fixed plant 
locations using general purpose equipment (Khalil, 2005),  
ii) flexible manufacturing system – contains flexibility in production which 
allows the manufacturing system to respond immediately in the case of 
predicted or unpredicted changes (Jahromi and Tavakkoli-Moghaddam, 
2011), 
iii) assembly/disassembly system – assembly manufacturing system is based 
on building together individual parts within the standard quality and 
customer demand. The reverse of it, disassembly, is defined as all of the 
processes that within a given time period dissociate the structure of 
geometrically defined parts (Pisuchpen, 2012), and 
iv) flow lines – is composed of production lines where materials flow within 
the workstations and visit each work and storage area in fixed sequences. 
Flow lines are affected by the reliability of machines and buffer size. 
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Based on the method to transfer parts, Khalil (2005) has described three 
types of flow line:  
a. asynchronous – related to transfer lines    
b. synchronous – called production line and  
c. continuous.  
The type of manufacturing system applied in this research is flow lines system. It will 
allow the demonstration of the implementation of the training program in the virtual 
reality (VR) system, through:  
i) enabling the research to look at aspects of lean in a working area and 
consequently develop a training program for learning purposes, and 
ii)  offering the possibility to implement a training material which can focus 
on the bigger picture – the arrangement of a working environment and to 
concentrate on an individual workstation – the assembly process.  
2.6 Lean enablers 
Lean enablers represent the application of lean principles, practices and tools related to 
aspects of the manufacturing management in order to enhance production (Suarez-
Barraza, 2009). They are characterised as a list of practices which contain implicit 
knowledge on how to plan, implement and run a production using lean principles. They 
establish communications between managers and operators in order to set up a 
standardised procedure among the work team and maintain continuous improvement 
(Gilgeous and Gilgeous, 1999) and (Oppenheim et al, 2009). Bateman (2005) has 
illustrated aspects of lean enablers which cover production improvement and are used in 
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this research to develop the features of the VR training programme in order to meet the 
following points: 
a) a common understanding of objectives – involves setting up documentations and 
visual support for improvement, such as Standard Work Element Sheet (SWES)
1
 
for the Standard Operating Procedure (SOP), and  
b) setting up structures that stop regressing – consists of removing old methods 
that do not contribute to any improvement – relates to the aspect of 
standardisation which is one of the 5S steps.  
Saurin and Ferreira (2009) have focused their study on lean and assessed the impacts on 
the outcomes within workplaces. They have conducted frequent visits in industries and 
used checklists
2
 to support their analysis in implementing lean. Additionally they 
enabled the research team to get acquainted with the activities of an organisation which 
promoted assessing the quality of lean production within workstations. However the 
approach taken by Saurin and Ferreira (2009) to analyse the implementation of lean 
involves the use of valuable time and can cause disruption in the production process. 
One of the alternatives ways of carrying out the analysis in production without causing 
disturbance in the work process is to have an environment which simulates the working 
environment with all its subtleties and generates the same types of results (Sadasivan 
and Gramopadhye, 2009). Therefore in this research, the approach taken can allow 
researchers (or assessors/trainers) to analyse a workplace through its simulated version, 
which consequently permits the assessors/trainers to try different alternatives in order to 
                                                             
1 Used as a tool to set instructions and explain how to carry out the standard work. 
2 Used within a workplace to certify that all steps of the 5S have been implemented correctly 
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improve their observation and bring more elements to support the evaluation of 
implementing lean.   
2.6.1 The lean tools and techniques 
According to Deif (2012) lean tools can be used by staff members or managers of an 
organisation, or an external consultant in order to transform a mass producer working 
area into lean production and consequently to obtain a competitive performance. 
Having just the lean tools and understanding the purpose of each one of them will not 
be enough to establish the principles and sustain them. Learning how to use the tools 
and putting them into a practical context is also an important part (Pennathur and Mital, 
2003). 
Bertholey et al (2009) have mentioned in their research how 5S can improve 
organisation of the layout of workstations as well as enabling staff members to gain the 
adequate skills to make appropriate decisions. Likewise the Standard Operating 
Procedure (SOP) has been defined as a method to improve the work process and 
continuously encourage personnel to follow the standard procedure to produce parts 
(Mager et. al., 2007).  
2.6.2 5S 
a) Definition of 5S 
Waldhausen et. al. (2010) have defined 5S as a Japanese technique for restructuring the 
working environment. Originating within the Toyota production system (TPS), 5S is 
considered beyond being just housekeeping within a workplace; it enables the 
improvement of a workplace by simplifying, organising and standardising the work 
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process. Ultimately this method of structuring a workplace leads to wastes reduction 
and improves productivity as well as quality by keeping an organised working area and 
setting up visual components in order to achieve a consistent performance (Abdulmalek 
and Rajgopal, 2007), (Waldhausen et. al., 2009)  and (Bayo-Moriones et. al.,2009).  
In this research the 5S is seen as a practice which allows the structuring of a working 
environment in order to achieve maximum productivity. Based on the five steps defined 
in table 2.1, the 5S concept allows a team to set up a structured working environment by 
brainstorming where value added work is promoted – exposing a wide range of ideas, 
observing the non-value added process, reducing wastes and encouraging sustainable 
improvement, especially through “standardising” and “sustaining”.    
b) The concept of 5S  
According to Warwood and Knowles (2004) the aim is to offer sets of techniques 
allowing a standard approach to fulfil the required improvements. The concept was 
originated by Hirano (1996) who came up with the 5S while working on production 
improvement among companies through implementing a system where production and 
inventory are controlled. The root of this concept is linked with the socio-historical and 
philosophical practices in Japan where often it is denoted by “do” and “techniques”. 
This vision is translated into the manufacturing sector by encompassing  the aspects of 
analysing what is needed to fulfil the customer demand and maintaining a structured 
work amongst staff members as well as using the available “tools” appropriately in 
order to get maximum benefits (Gapp et al, 2008). The 5S stands on five aspects aiming 
to maintain the daily work of an organisation by defining a routine in order to have an 
organised, smooth and efficient flow of activities (Bayo-Moriones et. al.,2010). 
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Bertholey et al (2009) have described the procedural steps of the 5S as implemented in 
the Toyota Production System, mentioned in table 2.1. 
Table 2.1: The principles of the 5S methodology (Bertholey et al, 2009) and (Bayo-
Moriones et. al., 2009) 
i) “Seiri” – equivalent to sorting: the concept is based on distinguishing and 
sorting out necessary and unnecessary items, tools/materials and removing 
what is not used. Documentations and clear instructions are provided with the 
aim of guiding employees to identify each element of the working area, and 
organise them accordingly. 
 
ii) “Seiton” – related to simplifying: focuses on establishing suitable places for 
the necessary items with the objective of minimising time needed to access 
them. 
 
iii) “Seiso” – corresponding to cleaning: it consists of maintaining work 
environment, equipment and tools clean on a daily basis. 
 
iv) “Sekisu” – associated with standardisation: it is based on establishing 
documentation and regular evaluations in order to ensure that the working 
environment is following the 5S concept and running at its optimum level.  
 
v) “Shitsuke” – mainly stated as sustain or self-discipline: the aim of the last step 
is to make 5S methodology part of organisational culture and assuring 
employees are committed to long-term implementation of the plan which 
includes punctuality, safety and autonomous work  in all levels of 
organisation.      
 
c) Advantages of implementing 5S in a working environment 
Within a large organisation, 5S has allowed many advantages such as providing a solid 
internal structure integrating different departments with a working method which can 
contribute to the improvement of performance and create an agreeable working 
environment for employees, managers and suppliers (Ahmed et. al. ,2005). The 
advantages of implementing the 5S concept have been noticed in aspects such as:  
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i) Safety – Bayo-Moriones et al (2009) conducted a study to investigate the 
application of the concept within organisations and assess its implementation. 
Statistical techniques have been used to test the association between 5S use, 
contextual factors and performance. The results demonstrated that in 
organisations where 5S were poorly implemented, the safety level was poor. 
Therefore a clean/structured workplace can considerably reduce the number of 
injuries sustained by workers; spilling any types of liquid/product whether 
chemical or otherwise can increase the chance of slips and falls, and eliminating 
transportation can minimise the risk of unnecessary exposure to hazards 
elsewhere.    
ii) Reducing waste – the effect of organising/structuring a working area based on 
the 5S principles reduces the amount of lost and damaged items. As the 
procedure requires standardising work, clear organisation and labelling, it allows 
employees to replace tools in a designated position after being used (Pillet and 
Maire, 2008).  
iii) Work commitment – using 5S to structure a working area means involving 
personnel in implementing the methods. As they are largely responsible for 
using equipment during a production, 5S encourages participation in improving 
the work method by restructuring the workplace and ensuring it is maintained. 
Accordingly this involvement serves to engage each member of staff in long 
term sustainability and enhances their commitment as well as their pride in the 
work (Bertholey et. al., 2009). Waldhausen et. al. (2009) have investigated the 
application of lean and particularly the 5S within surgery clinics where 
physicians, students, nurses, nurse practitioners and medical assistants were 
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involved. The method consists of conducting an analysis of the effect of 
implementing the 5S methodology over a six week periods. The 5S technique 
was applied to standardise the exam rooms and office work space, and 
quantitative data was collected in order to observe the number of patients seen, 
the amount of time that patients were in the waiting rooms, and the involvement 
of staff members in taking part in the work method. The results demonstrated 
that the participants who undertook the 5S concept in their daily work concluded 
that this mode of management and structuring work improved their work and 
identified new axes of improvement. 
Moreover Ho (2010) has analysed the implementation of the 5S within Japanese 
industries. The objective was to distinguish the advantages brought through the use of 
the 5S by comparing the firms’ production before and after its implementation. The case 
studies conducted by Ho (2010) analysed the performance of various businesses such as 
fast food restaurants, hospitals and automobile companies and the results described 
common benefits such as: 
i) the framework offered by the 5S develops and encourages a notion of awareness 
among workers in the work area, and 
ii) increased self-confidence which can be beneficial for performance improvement 
at work.   
In this research the notion of awareness is translated by having a working area where 
personnel can easily identify elements (parts, tools or workstations) and use them 
accordingly. Similarly Bhuiyan and Baghel (2005) state that maintaining improvement 
requires awareness of the various tools available to perform the job successfully and this 
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awareness implies knowing the purpose of those tools, how it can help, where to access 
them and how to use them. Consequently this leads every staff member to work by 
having a clear understanding of the requirements as well as utilising the tools 
appropriately (Talaei-Khoei et. al., 2012). As for self-confidence, this research 
considers it as having the ability to make a decision based on the understanding of the 
working methods and analysing the situation in order to take appropriate actions for 
better results (Woodman et. al, 2010).     
d) Use of the 5S within organisations 
The 5S has been used for many years and the feedback received in response indicated 
that there was a lack of focus on measurement as well as dexterity in handling dynamic 
situations – not being able to assess accurately the state of a working area and making 
the necessary changes to improve the production (Ho, 2010). Therefore Massaki Imai 
(1997), who is the founder of the Kaizen Institute, has developed a checklist where each 
checkpoint is kept simple and concise, and quickly it became a standard. The use of the 
checklist is seen in this research as a way of evaluating whether each step of the 5S has 
been correctly implemented. Additionally it allows assessors/trainers to evaluate the 
implementation of the concept during a simulation run and enable the provision of 
guidance to trainees.  
Moreover the 5S concept encourages teamwork during implementation. It requires a 
team to begin analysing the state of the workplace and to identify any opportunities for 
improvement. By conducting an analysis, the entire team can visualise potential 
improvements in their workplace and consequently begin implementing the 5S (Moreira 
et al, 2008). Warwood and Knowles (2004) have conducted a series of surveys 
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involving 100 companies based in UK, with the aim of investigating the impact of 
Japanese 5S practice in UK industries. The outcome of the surveys described that 15 
companies out of 100 have implemented the 5S concept within their workplace and 
have experienced several benefits including an improvement in their staff involvement. 
Similarly Gapp et. al. (2008) have qualified the concept to be a high level management 
and organisational system that has a complex and philosophical meaning and explain 
that the objective of involving staff members in the implementation aspect is a strategy 
to ensure their commitment with regards to the new working structure and to maintain 
the long term benefits obtained. The case study undertaken by Gapp et. al. (2008) 
focused on collecting data from Japanese companies that use 5S within their core 
management, and examines the managerial and organisational application of 5S as well 
as the involvement of staff members in their daily tasks. The observation made by the 
authors emphasises an improvement the understanding between individuals, groups and 
organisations in terms of the output results as well as an enhanced relationship between 
customers and the organisation through: 
i) placing strong emphasis on the requirements, and 
ii) organising the workplace appropriately in order to produce the required products 
or services.  
Another example of implementing the 5S has been mentioned by Chowdary and George 
(2012) who used it to reduce wastes such as unnecessary inventory, and to improve 
production time. In order to accomplish this task, they have come up with an approach 
which helped the pharmaceutical manufacturing to restructure the layout. The method 
consists of observing the current performance of the workplace and identifies the source 
of problems (Chen et. al., 2010). It requires the analysis of the layout of the workplace 
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and the way products are manufactured with the aim of identifying aspects that cause 
problems. Consequently, this gives a better picture to the managers of what is going on 
in the production area. Then the 5S is used to improve the leanness of the organisation 
and to validate each stage of the implementation with the company’s managers through 
redesigning the workstations in order to cover stages which generate wastes. In this 
research a trainee is challenged to work out the aspects of the workplace that need 
improvement and ultimately design a layout for more efficient working. Brainstorming 
is also encouraged between the trainer and trainee as part of guidance. It is used as a 
way for a trainer/assessor to introduce the 5S training program and to challenge 
trainees’ knowledge on this topic. With regards to analysis, it is done during the training 
session using the tools developed to observe the work environment.  
Bertholey et. al. (2009) have studied the effects of the 5S in an organisation. Using 60 
managers from a research institute, analysis has been carried out in factories with the 
objective of evaluating the results of implementing 5S in a working environment. 
Positive outcomes were collected, particularly in terms of identifying the difficulties 
faced before the implementation, by comparing the new work environment with the 
previous one. However in order to identify its benefits and advantages, the research 
team required several days of analysis and implementation before looking at the results 
and making the decision to take the 5S on board to develop the working structure. This 
research focuses on allowing trainees to notice the benefits and observe results as the 5S 
are being implemented. Eti et. al. (2006) have described an improvement in the learning 
curve when trainees are able to visualise the results and observe the benefits of applying 
the taught method. Providing an instant report of the outcome at the end of a training 
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simulation, or as the simulation is going on, can enable trainees to visualise and 
understand the purpose of it and gain a better grasp of the concept.   
Finally Gratiela (2012) have implemented the 5S in a training program using a method 
called the “yellow tag strategy”. It is based on identifying environmental wastes (related 
to hazards and environment) in a working area, evaluating the needs and coming up 
with a solution. The tagging strategy, aiming to identify unused items, is kept in this 
research. It is used for analysing the workstations, highlighting items that are not used 
in production and removing them in order to have a simplified workplace with a clear 
work structure (Klepper et. al., 2005).  
In this research the 5S has been selected due to its use by many organisations to 
improve the working method and create an environment where personnel and managers 
have a common understanding of the requirements. Furthermore, based on its 
methodical approach for the organisation of a workplace (Bayo-Moriones et.al, 2009), it 
supplies a solid base for building a working area by involving staff members during the 
implementation of the 5S. According to Bayo-Moriones et. al (2009) implementation 
requires commitment from every employee to take part in restructuring the workplace 
and enables (Bertholey et. al. 2009):  
i) sorting out the workplace and clearly identifying the material flow,  
ii) enabling the information and tools to be easily available, and 
iii) having a standardised operation with visual components which allows the 
detection of anomalies in workstations. 
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Therefore the aim is to develop a training environment inspired by the methods 
implemented in industries and using the virtual reality (VR) system in order to have a 
training program with: 
i) a simulated working environment where trainees can be fully engaged, 
ii) flexibility of changing the simulated environment in order to provide different 
perspectives on how to implement the 5S, 
iii) visual components which can help trainees to explore working environment and 
analyse every aspect of it, and 
iv) a system which provides  real time results of a simulation run 
Additionally from the description of the principles illustrated in table 2.1, aspects of 
analysis and “decision-making” are the key elements (Chauvin, Clostermann and Hoc, 
2009), and the research also focuses on this in order to complete the VR training 
program. 
2.6.3 Standard Operating Procedure (SOP) 
a) Definition of SOP  
The Standard Operating Procedure (SOP) in lean manufacturing is created by 
disciplined creation of requirements, analysing, documenting, disseminating and 
implementing the best practice where the work method offers a simplified and 
structured approach to ensure consistency and repeatability over time ((Bhuiyan and 
Baghel, 2005) and (Rivera and Chen, 2007). 
In addition to the production process, Kennedy and Widener (2008) have defined the 
SOP as a way of leading the process based on customers’ requirements, utilising the 
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required materials, testing production and providing an efficient method to perform 
tasks. The SOP is critical for any improvement and key to success in lean 
manufacturing. The aim is to lead the production through (Imai, 1997): 
i) representing the standard, simplest and quickest way to achieve the work, 
ii) providing a base for training personnel, 
iii) offering the best way to maintain the organisation’s knowledge base, 
iv) allowing measurement of performance, and 
v) providing support for further improvement. 
According to Simons and Zokaei (2005), Standard Operating Procedure (SOP) is a 
working method established for operators in production lines, which describes the 
nature of the tasks and where, when and by whom they are to be performed. Each step 
of the work process is clearly documented and circulated within workstations to 
encourage maintained improvement by reconsidering the work procedure if it is no 
longer efficient.  
In this research SOP is defined as a practice which is focused on the work process by 
describing the recurring operations relevant for production. It supports the learning 
enhancement of the standard work in order to lead productions to a continuous 
improvement process through: 
i) standardising the work process and describing activities, and 
ii) illustrating tasks through documentation and visual aids (describing a 
series of predefined processes) in order to allow staff members to 
proficiently complete the jobs. 
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b) Concept of Standard Operating Procedure (SOP) 
The concept of SOP stands on a series of steps to assemble an item. Each of those steps 
has been designed in order to provide a simple way for an operator to perform a job 
easily and efficiently. The SOP allows the performance of tasks sequentially through 
combining the usage of all resources effectively such as tools and raw materials 
(Aguado et. al., 2012). Similarly Schmid (2012) has used the SOP in a laboratory to 
establish a consistent work manner which involves high risk activity such as sorting out 
unfixed cells. The method consisted of conducting a risk assessment on the hazards 
associated with the handling and processing of samples in a laboratory and, with the 
supervision of safety professionals, determining the appropriate biosafety level that can 
be expected to be effective in preventing laboratory-acquired infections. Then the SOP 
was written describing a set of instructions that document a routine/repetitive activity to 
be followed – it provides personnel with information on how to perform a task properly 
and ensures consistency of the work of different individuals as well as playing an 
important part in the laboratory’s safety. As a result the author concluded that Standard 
Operating Procedure (SOP) provides guidance by deconstructing any process into clear 
and coherent tasks with the aim of providing consistency in production and increasing 
performance.   
Setting up a SOP in a working area relies on analysing, collecting data and identifying 
the wastes in the current practice used by operators. Then a redesigning of the processes 
is required in order to provide another procedure to perform the job where wastes are 
reduced or eliminated and the production performance is increased (Lin and Yen, 2011).  
Kock (2007) describes the SOP as a concept which consists of: 
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i) processing at the rate where products meet the customer demand, 
ii) performing tasks using a precise work sequence in order to maximise quality 
and minimise wastes, and 
iii) keeping the process operating smoothly through reducing the inventory, 
including parts in machines. 
c) Importance of SOP in lean 
The implementation of the Standard Operating Procedure (SOP) has offered several 
benefits such as preventing problems when being in a workplace and strengthening the 
work quality (Cudney and Fargher, 2000). Many advantages of the SOP have been 
mentioned by several authors including: 
i) having a consistent work manner which generally generates better results instead 
of letting personnel figure out the work tasks (Loven and Helender, 1997), 
ii) allowing a reduction of the variation in workstations, which consequently 
increases productivity (Simatupang et al, 2012) and (Grounds et al, 2008), 
iii) providing instructions which describe the work method step by step and can 
facilitate training. The documentation can also be used by assessors/trainers as a 
reference to design a training program and to ensure that during the training all 
elements of the SOP have been completed (Cha et. al., 2012), 
iv) enabling staff members to self-support each other regarding each specific task 
using the SOP documentation as guidance. This method of working encourages 
cooperative teamwork on a daily basis, which can reduce poor quality 
production (Peplies et. al. , 2008), and 
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v) developing and following a Standard Operating Procedure (SOP) in a 
hazardous
3
 working environment may help reduce risks of accidents and provide 
legal protection if an environmental accident occurs (Schmid, 2012). 
The entire method stands on documentation which provides a baseline of when a change 
of process occurs or new personnel have been transferred to a workplace and training is 
necessary (Bachmann, 2009). It uses visual support such as a Standard Work 
Elementary Sheet (SWES), to describe the tasks to perform sequentially including the 
steps to undertake, the appropriate tool to use, manipulating parts and operating a 
workstation (Lin and Yen, 2011) and (Grounds et al, 2008). In this research the 
Standard Work Element Sheet (SWES) is used to support communication of the work 
procedure to a trainee before a simulation run is carried out. The objective is to prepare 
a trainee by introducing the virtual reality (VR) system and to give the instructions for a 
training session.  
Finally Kennedy and Widener (2008) have investigated the design of a control structure 
for lean manufacturing and developed a framework that advances theory. They have 
conducted a series of analyses within 265 industries by measuring production 
performance with and without the implementation of the SOP and observing the 
benefits of Standard Operating Procedure (SOP). The analyses demonstrate that 
Standard Operating Procedure (SOP) enables a strong behavioural control to align 
employees’ efforts with the organisation’s objectives, consistency in production and 
maintaining low inventories. Kennedy and Widener (2008) affirmed that it provides a 
solid support when it comes to ensuring a steady flow of consistent products – a high 
                                                             




level of standardisation is positively associated with high quality. They also underline 
the importance of employee empowerment, visualisation in the work area and training. 
Additionally their observations demonstrated that the implementation of the SOP within 
workplace offers the possibility for staff members to perform work with a good pace 
and with improved performance in terms of quality of production as opposed to having 
a production lines where standard work is non-existent with a fast pace and exhibiting 
the waste of “over production”.  
d) Use of the Standard Operating Procedure (SOP) within lean manufacturing  
Aguado et. al (2012) have developed a methodology of implementing the SOP and 
keeping the lean principles as the main source. Their approach consists of identifying 
two aspects which are: 
i) sustainable production – a disciplinary working method where operators follow 
the SOP instructions, and 
ii) efficient production – wastes reduction. 
 These have been put together with the aim of creating a synergy in order to meet 
customer demand and offer a working atmosphere where improvement can be made. 
Aguado et .al’s (2012) method, which is composed of long term vision, efficiency and 
sustainability, looks at balancing competitiveness of business and economic 
development. Through analysing the work area, each aspect linked with sustainable 
improvement is quantified and then ultimately a design of the standardized work is 
derived which leads to an efficient and sustainable workplace. Similarly in this research, 
a focus is made in order to enable the setting up of a standardised procedure where 
trainees can implement the working method defined in the Standard Work Element 
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Sheet (SWES) as well as reducing wastes while performing tasks in the training 
simulation. In addition, taking into account that SOP can be evolved, the research 
requires developing a simulated working environment where the standard procedure can 
be easily changed depending on the type of operation to be performed. 
SOP is also used for the purpose of reducing/eliminating hazards associated with 
handling and processing work. Schmid (2012) has analysed this aspect and came out 
with a method which consists of: 
i) determining a work process which will combine practices and safety equipment, 
and 
ii) reviewing the efficiency of the work process and the facility safeguards used to 
determine the SOP.  
The safety issue is an aspect taken into account in lean, and part of the advantages 
offered by the SOP is to provide guidelines which include the safety aspect at work 
(Mager et. al., 2007). It is crucial to include safety while defining the SOP as well as 
ensuring that the facility safeguards are not overlooked during the simulation process. 
Therefore the training program needs to include health and safety by reflecting in the 
results how those facilities have been used – highlighting the importance of these 
aspects as being part of the SOP and making the trainee aware that their use is essential. 
 Besides, Mager et al (2007) have stated the importance of this practice through setting 
up a standard identifier on the entire entities present in a workplace as well as each step 
of the standard work process in order to obtain a simplified work assembly and an 
improvement in quality.  According to Faggion and Tu (2007) simplifying and 
documenting the work process helps members of staff and managers to improve 
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communication and understand the instructions. However Mager et al’s (2007) research 
has not mentioned a case when a standard work would require flexibility, in other words 
necessitating changes in the work procedure as products alter, nor has it mentioned how 
the current designed SOP improves future production. Therefore having flexibility in 
defining the work procedure can help tremendously by having a training program where 
the work process can be altered based on the product to manufacture. It can provide 
different approaches for the same concept and inevitably capture the interest of trainees 
coming from a variety of different backgrounds (Jensen and Friche, 2007).     
Finally Faggion and Tu (2007) have focused their research using the SOP in the context 
of developing guidelines for a dental practice. They laid out the Standard Operating 
Procedure (SOP) documentation in a flowchart in order to provide better guidance for 
following the work procedure as well as putting forward the idea of allowing workers 
involvement in “decision-making”. Having guidelines on how to perform a job as well 
as the flexibility of analysing a situation allows development of the “decision-making” 
aspect which can lead to improved skills as well as increased confidence at work 
(Jenkins et. al., 2010). Therefore in this research using the SOP to guide the trainee 
and allowing the flexibility of making decisions can be a good approach in providing a 
session with the aim of improving the understanding of lean.  
In this research the Standard Operating Procedure (SOP) has been selected due to its 
benefits and its method of implementation. Two elementary factors have been 
discerned. First it can provide good resources with regards to the assessment of a 
training session. Using the procedure started for the 5S, the research can utilise what has 
been built in order to make the evaluation of the a training session more effective by 
providing results on how the SOP has been performed as well as offering a detailed 
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report on each step of the assembly procedure – developing a method to analyse a 
trainee’s actions during a simulation run and generating the performance measures 
accordingly. Secondly it can help the research in developing an environment where the 
focus can be on the performance of tasks within the virtual reality (VR) training 
program – analysing a working environment, enabling tools which will support the 
manipulation of parts and evolve the “decision-making” skills. SOP training would 
permit trainees to gain a tremendous understanding of the benefits of lean through 
following the standard procedure such as the Standard Work Element Sheet (SWES) 
















Chapter 3: Lean training and Virtual Reality (VR) system  
3.1 Introduction 
This chapter examines the traditional methods used among organisations to set up 
training for a specific topic by carrying out a literature review. The second part of the 
chapter looks at the virtual reality (VR) system, illustrating its features and analysing 
the potential of the system for use as a training program/training simulation.  
3.2 Definition of Lean training 
Lean training originates from the Toyota Production System (TPS) with the aim of 
providing the best strategy for manufacturing practice and effectiveness against 
competition (Shah and Ward, 2003). It has been implemented by the majority of large 
organisations in order to provide their employees with the possibility of gaining all the 
required knowledge to work efficiently and increase productivity (Herron and Hicks, 
2008).  Similarly Patnaik et al (2011) state that lean training is “the systematic 
development of the knowledge, skills and attitudes required by an individual to perform 
adequately a given task or job”. It helps staff members to develop skills to become 
productive in a working environment and process tasks in order to meet customer 
demand (Tavil, 2010). 
Additionally Schwarstzman et al (2011) have described lean training to be a learning 
method which brings a modern perspective on individual development and enhances 
personnel skills at different levels, for example enabling them to gain a standard ability 
to perform a specific task as well as supporting the learning process to help them 
overcome any gap in knowledge and skills.  
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The concept of lean training is intended as an interactive learning process which 
simulates a practical environment – giving the opportunity to put into practice the 
required abilities by encouraging pupils’ learning through different perspectives such as 
trainers’ thinking, trainee views and the interaction between trainee and trainer (Morge 
et al, 2010) and (Matyusz, 2011). Herron and Hicks (2008) have also mentioned the 
communication aspect in lean training, the objective of structuring a workplace and 
focusing on providing the essential skills and knowledge for personnel in order to make 
significant improvements in production quality and delivery, as well as encouraging the 
development of partnership between customers and suppliers. Likewise, Doolen and 
Hacker (2005) have added other elements of lean training which are: 
a) a clear understanding of the lean principles and how to implement the concept at 
work, 
b) a training method which makes the learning of the concepts an enjoyable task 
instead of hard work and 
c) clear instructions which improve understanding and aid the mastery of the 
essence of the taught methods. 
Finally Thiry (2004) has described lean training as a way to offer the possibility of 
separating the different aspects of the lean principles in order to make the training 
sessions efficient as well as providing a practical approach in order to deliver clear, 
instructed session and concrete meaning of the principles. As a result, the taught skills 
can lead to the development of the abilities of a staff member whilst satisfying customer 




3.3 The benefits of applying lean training  
According to Wickramasinghe and Wickramasinghe (2011) and Liebisch and Gruhs 
(2012) trained personnel can make a tremendous difference in meeting the standard 
quality especially in corporations when a large number of employees with diverse skills 
are involved. Deros et. al. (2012) have evaluated the effectiveness of training in 
“advanced quality management” practices by comparing participants’ level of quality 
knowledge, understanding and practices before and after attending the training 
programs. The aim was to evaluate participants’ perceptions with respect to the overall 
training program, teaching materials and delivery methods. Therefore a workshop/ 
training course was established by the authors along with a survey, which included a 
section on the purpose of the training course and questions related to the taught 
concepts such as 5S and Standard Operating Procedure (SOP). The results 
demonstrated a significant improvement with respects to participants’ level of 
understanding after they had attended 5S and Standard Operating Procedure (SOP) 
training courses. Finally Deros et. al (2012) added that employers strongly believed in 
providing staff with appropriate training for improving their product quality and 
productivity in order to enhance their company’s competitive advantage’.  Similarly 
Perez and Sanchez (2000) and Rezaei et al (2009) have conducted a series of surveys 
within 28 automotive companies in the region of Aragon in Spain with the aim of 
analysing the technology management, the flexibility in practices and the relationship 
with other companies such as suppliers and customers. The observation made during the 
surveys describes that among the targeted industries more than 80% of companies 
undertake regular training in order to keep their staff members’ knowledge up to date as 
well as for them to maintain a high performance at work.  
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Lean training can be a way of spreading the lean principles within a large organisation 
and ensuring that all personnel across different departments use the same work ethic and 
are heading towards common goals (Salleh et. al., 2012).  
In addition, Kennedy and Widener (2008) have quoted that “firms empower employees 
by providing them with information that enables them to participate in decision-making 
that affects organizational outcome”. Specific training for each job activity is designed 
using a “structured development map” which can offer a simulated environment where 
the lean principles are taught through practice (Pollitt, 2010). Consequently the 
outcomes offer considerable advantages such as being able to adapt the work according 
to the production. In the study conducted by Ariga et. al. (2013) on the organisation 
adjustment and training programme, an analysis has been done by carrying out a survey 
among assemblers and foremen in representative Japanese automobile makers. The aim 
of the study is to evaluate the  method and demonstrate its contribution to improved 
productivity. After gathering all the data, the outcomes reveal that among staff that 
followed the training, all came out with higher skills and competence in their role and 
the difference in work quality was noticeable. In this research, the approach taken 
consists of simulating a specific work environment where the practice of lean principles 
can be performed, allowing the trainees immersion in a simulated working environment 
matching their background. 
Another advantage has been noticed by Treville and Antonakis (2006) related to 
motivation at work. Before lean was used as a work method among organisations, 
motivation was traditionally without context and considered as a secondary element 
which would come about as the work progressed. However, part of the lean training’s 
aims is to motivate personnel who are directly related to production. The working 
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method designed based on the lean principles includes motivation within work and one 
of the objectives of training is to motivate the trainees. The lean principles and 
motivation at work are two important aspects required to be treated equally in a training 
programme (Hsu and Chen, 2011). Therefore in this research, the training program can 
also be seen as a way of providing a training simulation where trainees can express 
motivation, interests in participating and initiate suggestions either by making decisions 
during simulation or expressing ideas during brainstorming. Gegenfurtner and Vauras 
(2012) have explained the impact of making decisions on motivation. The staff member 
feels more valued knowing that suggestions are taken into consideration. In addition, 
Hedlund et. al (2010) have illustrated two types of motivation: “intrinsic” and 
“extrinsic”. “Intrinsic” motivation is defined when tasks are performed purely because 
they are interesting or enjoyable for the trainee, whereas “extrinsic” motivation relates 
to tasks performed for “instrumental” reasons for example being driven by the reward of 
improving the performance measures. However the motivation aspect is not part of the 
performance results collected in sections 4.3 and 5.2. 
3.4 Traditional training methods 
The lean principles have proven their efficiency over time in enhancing work among 
organisations as mentioned in section 2.2. The skills and knowledge in lean are a 
resourceful way to design a working area for the purpose of obtaining an improvement 
in work quality and for minimising wastes. The relationship between employee 
qualifications and competitiveness has been studied by Chryssolouris et. al. (2013), 
where an approach (called by the authors the knowledge triangle in manufacturing) has 
been introduced to build skills and competences in manufacturing. This approach is 
based on a model called “Teaching Factory”, which assimilates a factory environment 
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in a classroom. The aim is to integrate the cornerstones of the knowledge triangle, 
which are research, education and innovation, in support of the manufacturing education 
in order to obtain a new paradigm of both academic and industrial learning. The 
“teaching Factory” concept can allow engineering activities and hands-on practice under 
industrial conditions for university students as well as the taking-up of research results 
and industrial learning activities for engineers. In order to validate this concept, the 
authors took part in a project which involved several organisations such as Festo and 
Volvo in order to support the implementation and validation of the “Teaching factory” 
approach. This approach has been defined in two ways: industrial practices to the 
classroom and knowledge to the factory. Based on the outputs of the project, the 
“Teaching Factory” approach can contribute to improving engineering skills. The 
technological innovation and knowledge delivery mechanisms in real life practice can 
promote the exciting quality of manufacturing and enable trainees to address real life 
problems under business conditions. The use of scientific approaches and cutting edge 
technologies can be a support to the concurrent development of technologies and skills 
to improve product / process innovation and help knowledge-based manufacturing. 
The aims of a training programme are an important element in the design, 
implementation and evaluation of a session (Sadasivan and Gramopadhye, 2009) – 
allowing the setting up of a suitable simulation environment to teach the appropriate 
knowledge and practices which will help personnel to perform tasks successfully 
(Hogan, 2003) and (Mirehei, 2011). The training program also provides sufficient 
resources in terms of pedagogic materials and practices to support the learning process 
for staff members who are performing a specific job and assists bridging the 
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performance gap as well as enabling the fulfilment of the assigned jobs proficiently 
(Rebsamen et al, 2010). 
Adapting the lean enablers into a VR training program requires features which will 
enable its application in several sectors. The general structure of training programmes 
mentioned in table 3.1 can help this research to have a foundation in investigating and 
developing features which can be implemented within the VR training program. The 
illustrated steps represent the setting up of a training session according to the needs of 
an organisation. It shows all the main aspects which are taken into account in order to 
establish the appropriate session – the required types of skills and knowledge.  
Table 3.1: General features of training programmes within organisations (Rebsamen et 
al, 2010) and (Mirehei, 2011) 
a) Analysing training needs: setting up the learning purpose through: 
i) analysing the knowledge, skills and behaviour required for each job, and 
ii) assessing the level of competency of staff members.  
b) Setting up the aims and the learning objectives: specifying trainees’ tasks 
which will be the subject of the training. 
c) Designing training strategy: determining the training needs, e.g. designing 
courses, the key learning points that trainees must grasp via the provided 
learning material. 
d) Implementing training strategies: putting the training program into practice. 




The objective of this section is to investigate existing training programmes used within 
organisations and to identify the common elements. This investigation can help this 
research to get a better grasp of the used methods, through studying their application 
and the outputs collected, and encompassing all the information collected from the 
literature review in order to develop the training program. 
3.4.1 Structure of a training programme 
Nowadays various training methods exist, in the field of lean principles, which look at 
developing a learning environment and making the understanding of lean practice easier 
and faster through: 
a) setting up a simulated environment which represents a workplace with all its 
complexity (Boyle et al, 2011),   
b) giving a visual explanation of the methods chosen to be taught to a trainee (Lee-
Mortimer, 2008), and 
c) observing the performance measures during the training simulation (Boyle et al, 
2011).  
According to Maldonado et. al. (2005) these aspects are particularly important as 
conventional wisdom indicates that “firms are willing to pay only what is required in 
terms of teaching specific skills”. Therefore general criteria described in table 3.2 have 
been settled by organisations to ensure all the required elements of a concept are taught 





Table 3.2: Traditional features required in a training programme 
Criteria Description References 
Decision-making  Providing enough material to help the 
understanding of the methodology and 
consequently enabling the gaining of sufficient 








Based on providing the trainees with the 
academic understanding of the rules and 
principles. Several platforms can be used for 
example a web based interactive teaching 
tutorial.  




Involves an interface which allows 
assessors/trainers to observe, evaluate and 
provide feedback to the trainee. Several 
observation methods can be used such as live 
remote videoconferencing. 






Data analysis  Being able to receive elementary data (such as 
performance measures) to evaluate the 





In most situations, the web based training 
programme (also called an e-learning 
programme) is used due to its vast 
dissemination areas. Trainees can benefit from 
all the training material without travelling a 
long distance.  




Visual components allow trainees and assessors 
to get information about the work environment. 
They provide visual support to the trainee to 
identify the needs/problems in order to come up 
with a solution as well as supporting the 





Thiry (2003) has described two types of training model which are: 
a) “The Taylor Driscoll and Binning integrative training needs analysis model” – 
the model is based on performance analysis – It looks at different variables 
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(such as the layout of the workstations, hazardous items in the working area or 
the assembly process performed by operators) that can affect the success or the 
failure of a specific training programme in terms of its expected results, and 
b) “the Baldwin and Ford learning transfer model” – a training model that focuses 
on “the training-input factors” that affect the training outcomes. Those input 
factors could be symbolised by the trainee’s characteristics (trainee’s abilities, 
personality or motivation), training design (principles of learning, sequencing, 
training content), or working environment (support given, opportunity to use). 
In this research a combination of both models have been implemented in order to value 
the importance of having a workplace where production can be done according to the 
safety measurements (aim of the 5S training program) and a working procedure can be 
set up in order to improve performance (through the Standard Operating Procedure 
(SOP)). Consequently the aim is to provide a training program that offers sufficient 
elements for performance improvement in a training session as well as permit the 
trainee to be challenged in several areas including knowledge and practical skills.  
Table 3.2 describes the common plan followed by organisations to run a training session 
and guarantee each aspect has been fulfilled. The plan enables the support of the 
trainees’ learning process and ensures that the theoretical and the practical aspects have 
been undertaken and understood (Raybourn, 2007).  
3.4.2 Example of existing training programme used within diverse sectors of activities 
According to Nieto-Montenegro et. al. (2008) a training programme needs to be based 
on appropriate education such as allowing “learning materials” and “practical training”, 
which incorporates activities that support skills development relevant to real life 
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situations in which the workers can put information into practice. For example in the 
domain of agriculture, a training session can raise the awareness of the possibility that 
E. coli bacteria may accumulate under fingernails and consequently should demonstrate 
the correct hand washing procedure in order to allow the learner to practice until the 
procedure is understood and applied successfully.  
a) Training Within Industry 
“Training Within Industry (TWI)” is a concept used among industries and was 
developed in the USA after the Second World War with the objective of training 
managers and team leaders to direct unskilled operators faster and more effectively in 
order to perform the required work. The “Training Within Industry (TWI)” methodology 
stands on four principles, which are (Wagner, 2009): 
i) standards must be set up, 
ii) good instruction must be established, 
iii) continued training must be maintained, and 
iv) training must not end too soon. 
 The aim is to make those principles become an integral part of the industry’s process 
and emphasise the importance of selecting the appropriate staff member to be trained 
and how trainers should instruct as well as organise, develop and deploy a session 
(Graup and Wrona, 2006). According to Ker et. al. (2003) trainers play an important 
part in the quality of a training session which can lead to different outcomes based on 
their profiles and their pedagogic level. Taking this into account, this research looks at 
developing a training environment where the quality and the performance of a training 
session do not need to depend on the trainers’/assessors’ skills, in other words a 
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simulation run does not require that the assessors/trainers guide the trainee in 
performing the tasks. In a large organisation, this can guarantee delivering the same 
training quality to all trainees and ensure they all get the required materials to 
understand the lean enablers and then implement them in their work. 
b) Establishing/designing a training session 
Neal (2013) has used several techniques in order to deliver training methods for new 
employees in food production; the method consists of carrying out training sessions by 
following one of the approaches, which are: 
i) written instructions of the job to perform, 
ii) physical demonstration of the tasks to complete, 
iii)  written instruction and physical demonstration or 
iv) a complete lack of any instruction or demonstration. 
The aim was to analyse the current methods used in a production plant and identify 
which of the proposed approaches can suit the purpose of the training. The experiments 
were carried out with the participation of recent graduates and the objective was to slice 
four slices of bologna, which is a type of pasta, following a particular thickness using 
the appropriate equipment and then cleaning them to the right standard for the next use. 
The participants were divided into four groups and each one of them was assigned to a 
pre-designed experiment mentioned above.  The results of the experiments carried out 
by Neal (2013) show the participant who did not receive instructions or demonstration 
managed to complete the job faster than the others, however the observations made on 
the completed tasks show results of better work quality for those who received written 
instructions and practical demonstrations of the tasks to perform.  Similarly to the 
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experiments described by Neal (2013), especially on having a training programme 
which has “written instruction and demonstration”, this research focuses on designing a 
simulated work environment where trainees would have the opportunity to gain 
practical experience of the work to be completed. The instructions remain an important 
part as they provide the necessary information for the trainee to understand the 
requirements and perform the job. However the demonstration may not suit the purpose 
of this research as it may discourage a trainee from analysing the work situation. One of 
the important aspects of training within a virtual reality (VR) system is to offer to the 
trainee some flexibility of making decisions as opposed to instructing the completion of 
a job in a particular way (Brunner et. al., 2004). 
In a separate study, Boyle et. al. (2011) examined training sessions for managers in 
helping manufacturing organisations to achieve lean objectives. The proposed model 
aims to highlight the relationship between various key drivers of lean such as external 
information which could come from training programmes. Boyle et. al. (2011) have 
looked at the various outcomes that managers turn to in order to seek guidance on how 
to implement lean efficiently. The model established by the authors is constructed based 
on literature reviews and interviews with operations managers of 109 companies from 
various sectors. Out of the total number of companies, 47 percent of the companies that 
replied to the interview mentioned providing staff members with the necessary 
knowledge and practice in order to make use of lean in a workplace and ultimately 
increasing the speed of implementation. Improving the time that will take to implement 
lean is an important aspect which makes it essential for an organisation to have a 
training programme where the knowledge gained is used as quickly as possible in order 
to keep up with the competition (Macpherson and Jayawarna, 2007). The second aspect 
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mentioned by Boyle et. al. (2011) is standardisation – the objective is to ensure the work 
structure could be used throughout the work processes and therefore even for an 
international company a unique work standard can be established Pollitt (2006). On the 
subject of speed of implementation, in this research the focus was to have a training 
program where the trainee could understand the advantage of the lean enablers and their 
purposes. Pollitt (2006) has mentioned that being able to observe the effect of a 
principle makes for easier understanding. Therefore with the same vision, having a 
program where its features can allow the observation of the effect of the performance 
measures, and understand the benefits of implementing the lean enablers, can make the 
training session proficient. The other aspect mentioned which relates to standardisation 
has been taken into account in this research through the 5S training program and also 
Standard Operating Procedure (SOP) which ensures that the training program will 
reflect the standard procedure establish in the Standard Work Element Sheet (SWES). 
Finally, establishing a workplace can serve the practical aspect of training, nevertheless 
it can become costly to develop and cannot be easily moved to another location 
(Dessouky et. al., 2001), (Mujber et. al., 2004) and (Goulding et. al., 2011). Therefore a 
VR training program would be an effective way for a staff member to achieve the 
desired practical experience in order to grasp the required knowledge to apply the lean 
enablers at work. As mentioned by Wang et. al. (2009), a virtual reality (VR) system 
has many advantages over a real life training environment, such as the flexibility of 
exploring different ways of completing  a job as well as less time-consumption to 
design models and analyse work processes in a simulation. It also enables the 
simulation of a working environment and having all the elements (such as parts, tools 
and workstations) which represent the trainee’s workplace and the carrying out of 
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exercises during simulation runs. The concept behind designing a VR training program 
stands on three aspects which are (Goulding et. al., 2011):    
i) allowing assessors to set up the training within the VR system by establishing the 
working environment such as the environments defined in sections 4.3 and 5.2,  
and the requirements of the session. 
ii) enabling a workplace where trainees can perform the exercise according to the 
instructions and aim to meet the requirements – based on analysing, acting and 
receiving feedback, and 
iii) providing an output at the end of a session where the trainee can analyse the results 
of the performance. 
 
c) “On the job training”: delivering training while working 
“On the job training” has been presented by Laird et. al. (2003) as a method to maintain 
personnel’s skills and knowledge while being at work; it is used as a tool to train 
newcomers efficiently, using experienced employees and has been proven to develop 
skills and knowledge while working. Nevertheless the downside has been illustrated by 
Clark and Wall (1998) who documented the disadvantages. Production efficiency is 
affected, as well as quality, due to the fact that even if newcomers are supervised by 
seniors this cannot prevent mistakes during production and can cause major damage. In 
addition, lack of experience/learning phases can limit the performance of production 





3.5 Virtual reality (VR) system 
The first concept of virtual reality (VR) was presented in 1965 by Ivan Sutherland 
where he introduced his idea of having a virtual world in a “window” that looks and 
sounds real, and responds to the users realistically based on the actions performed. He 
managed to build the first prototype of a head mounted displayer with an appropriate 
head tracking system. It consisted of displaying a virtual environment to the users in 
stereo view which was updated correctly according to the position and orientation of the 
user’s head (Cheng et. al., 2009) and (Lu et. al., 1999). In the early 1990s, NASA 
investigated further into the VR system, especially the hardware aspect, by elaborating a 
sophisticated motion capture system to track the body as well as further developing the 
head mounted displayer (HMD) (Hale, 1995). 
3.5.1 Definition of virtual reality system 
A virtual environment known as Virtual Reality (VR) or Virtual Interface has attracted 
many researchers in field of simulation. According to Mahdjoub et. al. (2010), a virtual 
interface is a multimodal interaction with an interface and a responsive computer to 
generate a virtual environment. The main focus is on interaction, which combines an 
adequate presentation of the environment with its manipulation.  
Additionally Choi et. al. (2002) have classified the VR system as multiple modelled 
parts where the overall process is simulated realistically by imitating the physical 
assembly processes. Dynamic behaviours of 3D objects in the virtual environment are 
implemented using physical laws.  
In this research a VR system has been defined as a system which gives the illusion of 
being in the 3D environment through a stereoscopic head-mounted device (HMD). 
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Combining the use of a head tracker and the body motion capture, the user can interact 
with the workspace virtually and navigate the environment and manipulate objects as 
he/she would do in the real world through the motion capture equipment. Additionally 
the VR system can be seen as an evolution of the man-machine interface from the 
computer screen, keyboard, and mouse to the system of HMD and hand input device 
(usually a joystick or a glove) and ultimately it can simulate any working environment 
by recreating each element virtually as well as offering the possibility of developing 
extra features to enhance the usage. 
3.5.2 Characteristics  of virtual reality system 
The development of the VR system is reaching a level where it is becoming more 
significant in all types of architecture and design. Trika et. al. (1997) have presented 
Computer Aided Design (CAD) to be an important design format since the mid-1970s; it 
has allowed users to draw three-dimensional images on a computer in order to integrate 
them into a virtual reality (VR) system to build the desired working environment. In this 
research a similar approach has been undertaken to design the modelling environment in 
small parts and group them in order to obtain the virtual environment. This approach 
provides effective support for designing complex models which can be rendered easily 
into the VR system (Gaoliang et. al., 2008). 
Moreover, according to Si and Yang (2012) VR system integrates the latest 
achievements of computer graphics such as computer simulation, advanced sensors, a 
high definition displayer and network parallel processing equipment, which can 




i) Graphic rendering: rendering in order to obtain a visual representation of 
the modelled object including the surface textures 
ii) Physical modelling: representing different tissue charactering the 3D 
object and enabling their dynamic changes (the physical interaction in 
the virtual world) 
iii) Collision detection: computational detection and reaction to the 
intersection of two virtual volumes. 
b) Visualisation: 
i) Adopting a range of different camera views which can go out of the 
body, over the shoulder and bird’s-eye view, and allowing the ability of 
zooming in and out with a virtual camera. 
ii) Graphic display: Holographic or 3D devices for display of visual 
information 
c) Manipulation: 
i) Motion capture equipment: navigating and manipulating objects in the 
same way as done in the real world. Using equipment which can capture 
body motion and translate it into the VR system which can enable head 
and hand movement for observing and moving objects.  
ii) Haptic interaction: articulating arms or tactile sensors for tactile 
interaction with virtual environment 
d) Communication:  




ii) posting text messages on simple message-board objects located within 
the virtual world. 
The virtual reality (VR) system can be involved in several trainings, allowing different 
levels of implementation according to the nature of the training program (whether it is a 
training session related to 5S or Standard Operating Procedure (SOP)) due to its 
flexibility. It can be run on a stereoscopic displayer with a “haptic device”
4
 or on a 
simple desktop computer driven by a mouse (Han et. al., 2008); it all depends on the 
intended actions to be carried out. Independently of the chosen environment, which will 
determine the level of user immersion in the system, the interaction and simulation of 
the model is a powerful tool from early design stages to final customer training systems 
(Mujber et. al., 2004).   
3.5.3 Strength of the virtual reality (VR) system  
The nature of the virtual reality (VR) system means it incorporates many advantages for 
all users regardless of the body type such as size or height, or disabilities. It offers an 
equal opportunity for everybody to have the same degree of freedom in movement 
(Blach et. al., 1998). Similarly to the advantages mentioned by Mujber et. al. (2004),  
Liu and Zhang (2010), Liu and Zhang (2008) and Xu and Taylor (2002) pushed the 
investigation further in identifying the benefits of using a VR system in designing a 
training environment. A list of benefits has been drawn by the authors after analysing 
and using the system. It includes the following points which are essential such as: 
a)  ability to deal with geometrically complex models – the developed models are 
required to obey laws which will be consistent within the environment. In the 
                                                             
4 composed of tactile sensors which enable users to feel virtual object when a contact is made 
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example of a workstation, it is important that all the modelled parts, tools and 
buffers adopt rules which will make them respond and interact according to the 
norm. 
b) context sensitive behaviour – implies behaviour which is dependent on the task 
at hand. In the example of the Standard Operating Procedure (SOP), when a 
movement or gesture is required to be performed, it usually symbolises the 
standard procedure which will generate performance. Therefore it is important to 
have the capacity of enabling trainees to perform the exercise and evaluate their 
behaviour (body motion). 
c) achieving flexible visualisation – requires having a virtual environment where 
the models are immersed and facilitates a deployment method which can 
manage the visualisation of those models at different angles – observing the VR 
environment through the trainee’s eyes or as an assessor. 
d) a generic solution – once models and rules are set up and the virtual 
environment defined, a generic solution can be generated to run a training 
session and can offer a better approach in the long term when modifications are 
required.   
Finally Bright et. al. (2012) have investigated the use of a training simulator for urology 
and observed its advantages. Their aim was to explore technological improvement 
especially in terms of computer graphics. As for the training simulator, the VR system 
offers support for trainees in order to perform repetitively and not cause any damage to 
the on-going work in a workplace as well as providing performance feedback regardless 
of whether they were supervised. Moreover they added that training under the support 
of the VR system can shorten the learning curve, especially if the work procedure 
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reveals to be complex, and can create adequate skills which can be transferable in a 
working environment (Brunner et. al., 2004). In this research several aspects need to be 
taught to trainees during a training simulation. Between 5S and Standard Operating 
Procedure (SOP) different knowledge and skills are developed. As mentioned in section 
2.6, the lean enablers got their roots from the lean principles, principles which are 
originated from Japan, meaning that they include a work ethic and methods which are 
different to the western culture. Consequently, teaching the complex aspects of lean 
requires a system which can combine the theoretical and the practical aspects together 
in order to provide a full picture to a trainee for a better understanding and assimilation 
of the concept.  
3.5.4 Application of virtual reality (VR) system 
The VR system has been used as a support in diverse training programs such as 
simulators, health sector, teaching, etc... (Oliveira et al, 2007) and Hsiung et. al. (2011). 
The characteristics of virtual reality (VR) detailed in section 3.4.2 enable a learning 
program to provide users with fictitious visual, auditory and tactile senses as if they 
were in the real world. Virtual reality (VR) is a mediator between the virtual world, the 
real world, and the users, which can allow trainees a self-directed learning experience 
and practice (Chittaro & Ranon, 2007). Additionally the application interface brings 
together 3D models of real apparatus and a visualisation of physical situations in an 
interactive manner, users can experience direct contact with the virtual model and use 
their physical proprieties such as shape, size and time duration of an object and events, 
which can lead them to grasp the taught concept through a concrete perspective as 
opposed to solely theoretical (Kim et. al., 2001) and (Charyan et. al, 2011). Si and Yang 
(2012) made use of the system in a simulation program for green construction and 
56 
 
aimed to establish a simulated environment which could provide an immersive feeling 
for the user and which could enable them to explore scenes and get the full view of the 
entire workplace in order to find problems and defects. 
Bright et. al.’s (2012) work, which consisted of implementing a simulator for urology, 
has required the application of the virtual reality (VR) system. They run an experiment 
which was composed of 18 participants of different ages, both left and right handed and 
of different body sizes. It has been conducted in several simulation runs by altering the 
difficulty of the exercise in order to cover all the aspects of the urological operation. 
Visualisation facilities were implemented within the simulator in order to offer trainees 
the possibility of observing the 3D models in high quality and in several angles. As for 
the assessors, a visualisation tool was also implemented helping to monitor the 
evolution of the operation. The overall simulation provided positive outcomes among 
all of the participants in terms of delivering training to improve their understanding of 
urology. Due to the virtual reality (VR) system characteristics mentioned in section 
3.5.2 which offer a practical side in training, trainees managed to improve their 
understanding and consequently showed an improved performance in their work after 
having a session. In this research, looking at both sides – theoretical and practical – the 
aim is to offer the capacity of providing explanations on the 5S and Standard Operating 
Procedure (SOP) but also being able to challenge the trainee by simulating a particular 
situation and being able to capture the performance measures and consequently evaluate 





Chapter 4: Research Methodology and Experimental Design for 5S 
4.1 Introduction 
This chapter illustrates the methodology used to develop the training program for lean 
enablers – 5S and Standard Operating Procedure (SOP). As discussed in section 2.6, 
implementing lean requires a good knowledge from the staff members of any 
organisation, and a training programme can be an efficient learning tool to transmit the 
necessary skills and ensure a complete implementation of lean principles within a 
workplace. 
The objective is to develop a virtual reality (VR) training program which can enable the 
virtual simulation of any working environment for the purpose of training the concepts 
of the lean enablers. It will include elements such as: 
a) establishing the aim and the requirements of the training session with the use of  
a storyboard, flowchart and checklist, 
b) setting up the structure to develop the 3D modelling elements for the virtual 
reality (VR) system, 
c) implementing “decision-making” tools in order to support a trainee during a 
simulation run, 
d) identification of the performance measures and implementation of an algorithm 
which will generate results, 
e) development of a visualisation interface which needs to be part of the VR 
training program aiming to display the outcomes of a simulation run, and 
f) running the experiments for 5S and Standard Operating Procedure (SOP) in 
order to evaluate the efficiency of the method proposed by this research 
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In this section, the elements of the 5S training program will be discussed, including the 
structure that requires to be followed when constructing the modelling elements, 
designing and implementing the “decision-making” tools and establishing the algorithm 
to generate the output results. 
4.2 Overview of research methods 
Research methodology is the path that leads any study to undertake appropriate and 
targeted measures to plan the research through gathering relevant information and 
carrying out experiments according to the initial objectives. Several types of research 
method are defined based on Yoshikawa et. al. (2008) such as qualitative, quantitative 
and triangulation.  
4.2.1 Quantitative research 
Quantitative research grows out of the strong academic tradition that places 
considerable trust in numbers with the purpose of representing opinions or concepts 
(Holsclaw, 2009). It is a research methodology used as part of scientific management, 
which consists of gathering numerical information through experiments, mathematical 
models, theories, hypotheses or analytical survey (Westerman et al, 2006). It is also 
defined as a method which consists of collecting concrete information which brings 
some sort of support to the development. The real data could be defined in several 
forms, for example performance measures or standard models with the objective of 
meeting the original goals of the research. Mantzoukas (2009) has defined different 
types of quantitative research: 
a) experimental research which is based on analysis and hypothesis by comparing 
quantitative variables randomly and highlights an eventual relationship, 
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b) descriptive research defined as a type of research based mainly on collecting 
data with the purpose of testing hypotheses or answering questions on the 
studied subject,  
c) correlation research focuses on determining a relationship between two or more 
quantifiable data, and 
d) cause comparative research which looks at the cause and effect between 
quantitative data by comparing the values. 
In this research, quantitative research is the appliance of methods to information 
collected through interviews, questionnaires and results collected by collaborators, 
where a large amount of the information is gathered and analysed with the objective 
of directing the research in an appropriate path in order to meet the requirements. 
4.2.2 Qualitative research 
Nastasi et al (2005) have defined qualitative research as a method which concentrates 
on words and observation to express reality, and attempts to describe information in a 
natural situation. Additionally it has being defined by Thomson et al (2011) as a method 
that collects non-numerical data. However, collecting quantitative data does not 
necessarily imply a quantitative data analysis. Survey research can just be interpreted 
qualitatively and include open-ended questions for data collection.  
Levesque et al (2010) have defined two types of qualitative research such as: 
a) “Exploratory research”; a type of qualitative research based on “resultant” 
research such as going over literature reviews, case studies or historical data 
with the focus on spotting eventual problems and leading the research towards 
setting up objectives. It may also provide a solution for when knowledge is 
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limited in order to advance the research and allow a clear definition of the 
problem. 
b) “Attitudinal research” is mainly oriented toward understanding and the 
evaluation made by people or a group of people. It leads towards a specific 
element of the research through opinions and beliefs constructed during:   
i. collecting qualitative data by conducting interviews, observations and 
group discussions, 
ii. description of the situation, work process and behaviour observation, and 
iii. analysing the information by identifying the problems within the sample 
of collected data.  
In this research, the qualitative method is defined as theoretical assumptions of the 
interpretative paradigm. It is based on notions developed through subjective experience 
of people such as operators, managers, academics and specialists. The information 
collected through qualitative research can give an accurate description, decoding and 
interpretation of the meanings of phenomena behind a theory or an actual situation such 
as: 
a) obtaining a realistic feel of a real situation which cannot be determined by the 
numerical data or statistical analysis, 
b) gaining a flexible way to perform data collection, subsequent analysis and 
interpreting the collected information, and 
c)  acquiring the ability to understand the research subjects using their own 





4.2.3 Triangulation research 
Nowadays the triangulation method is becoming more common in the world of 
research. Being able to collect information from multiple platforms can give a strong 
base for any research as explained by Vaivio and Siren (2010). It offers an interesting 
perspective on the research, by combining the numerical information collected through 
the simulation programme or statistical analysis, and subjective information mainly 
done by interviewing operators or managers and conducting a survey. In addition, 
Modell (2005) defines triangulation as a method which consists of establishing the 
research based on multiple data collection and technical analysis.    
In this research, the triangulation method is defined as an information collection 
technique which consists of gathering data from different sources, quantitative and 
qualitative analysis such as real data, performance measures, but also interviews and 
subjective information such as the expertise of a specialist in a particular domain. 
Three types of methodology are used as defined by Vaivio et al (2010); 
a) triangulation which consists of gathering data coming from qualitative and 
quantitative research,  
b) investigator triangulation which involves using more than one observer, 
interviewer, developer or data analyst to carry out an experiment. Confirmation 
of collected data among investigators by collaboration or discussion, leads the 
research to a greater credibility, and 
c) theoretical triangulation that uses multiple theories or hypotheses consists of 
conducting a study with multiple perspectives and questions in mind. It could be 
62 
 
applied to test various theories by analysing information from the same set of 
data.     
 
4.2.4 Developing research methodology  
In this research, the triangulation method is used to collect all the necessary data for the 
purpose of designing and implementing the lean training program with different sets of 
runs. 
a) Design of the storyboard 
Storyboard is a method used in this research to help the understanding of the different 
training scenarios by breaking down the steps that need to be undertaken for each lean 
enabler. It was introduced by Smets et al (2010) as a tool that can describe in detail the 
entire work process or individual tasks to be completed. The description is mainly done 
through a series of images and written instructions which can give brief illustration on 
the specification, design and implementation i.e. total knowledge management solution. 
It can also include features such as individual frames containing the requirements of the 
content (Sadasivan and Gramopadhy, 2009). Smets et al (2010) show that a storyboard 
can be a stable learning support for any member of a team and describes it as a tool that 
allows an easy sketch design as well as an instructional model approach, including a 
resourceful learning theory level and multimedia collaborative approach. It has the 
potential to pass on information efficiently and improving the understanding of the main 
set of actions that need to be carried out as well as reducing the time taken to grasp the 
training scenario.  In addition, it offers good flexibility such as bringing changes if 
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necessary or redesigning another scenario which can be directed to a specific lean 
enabler training program (Yusoff and Salim, 2011).  
b) Development of the Computer-Aided Design (CAD) model as part of the 
pre-process of the virtual reality system 
Nowadays computer-aided design (CAD) model is considered to be one of the relevant 
methods to coordinate the 3D model between different system formats (Stark et al, 
2010). In this research, each modelling element is developed as part of a pre-processing 
for the virtual reality (VR) training program and classified into a category which will be 
developed further. Using a CAD model can allow an:  
i) advance visualisation of the design; 
ii) easy grasp for complex modelling such as allowing creation of advanced 3D 
modelling and  
iii) advantageous benefit as it is becoming a universally recognised engineering 
program, which can be a strong support when it comes to exporting a design 
into software like 3D Studio Max and then converting the model into another 
format such as a virtual reality (VR) format. 
Johnson et al (2011) have studied the use of CAD models for educational purposes and 
evaluated the advantages and the facilities offered. The results of their studies show that 
CAD can: 
i) reduce the time taken to design 3D models for the virtual reality (VR) 
environment 
ii) facilitate the changing/editing of the model designed, and 
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iii) be applicable in other platforms by exporting the designed model to software 
such as; 
 Pro Engineer software, 
 3D Studio Max, 
 Virtual disk image (VDI) format converter software, which converts 
a 3D model design in 3D Studio Max into VDI which is the virtual 
reality system format. 
 
4.3 Research Steps 
In this research, the aim is to carry out the methodological steps in developing two lean 
enablers: 5S and Standard Operating Procedure (SOP). The steps established in this 
research go through a common procedure in building up the identified enablers or any 
new ones. Alternatively, other steps can be associated based on the nature of the enabler 
itself. Figure 4.1 shows the common proposed procedures that can be considered as a 




Figure 4.1: Common steps to develop the training program for lean enablers. 
Lean enabler training 1: 5S 
Step 1: Data Collection  
The data collected is provided by the Technology Strategy Board project -ref: K1532G. 
Part of the information is based on quantitative research by identifying the type of 
performance measures and reference models from one of the collaborators (Perkins 
Engine) to develop the training program – the 3D models were based on “assembly 
machine for pistons”. Additionally qualitative data is provided as the 5S is studied and 
validated by the Technology Strategy Board collaborators to deliver specific 




The models provided by Perkins were in a CAD format as shown in Table 4.1. They 
represent the main part of the workstation, which is currently used in Perkin’s shop 
floor. 


















Table 4.2 contains a set of performance measures have been provided by Perkins, which 
represent the outcomes of the workstation “assembly machine for pistons”.   
Table 4.2: Performance measure of the “assembly machine for pistons” 
Performance measure  Values in percentage 
% Blocking 2.8 
% Waiting 1.17 
% Working 96.03 
% skills level 96 
 
Step 2: Development of the storyboard  
The storyboard is used as a visual aid to break down the 5S procedure as illustrated in 
figure 4.2. To support the development of the lean enabler described in the storyboard, 
the flow chart presented in figure 4.3 details each part of the 5S described in figure 4.2, 





















An analysis of the entire scenario defined in the storyboard is carried out where the 
steps are derived in the algorithm and contain aspects such as: 
a) simplifying; looks at an alternative approach for organising a workplace through 
simplifying. It includes sorting out the tools with the use of a shadow board
5
 and 
minimising excessive motion during production by assuring:    
i) tools, parts and equipment have designated areas. After using them, they 
should be returned to those designated places, 
ii)  damaged equipment is not stocked in the shop floor, and 
iii) all utilised boxes or large parts have to be located outside of the working 
area and placed in a designated area, 
b) sweeping; looks at the cleaning process of the entire working area. Each item, 
tool or work cell which is dirty, needs to be cleaned. Additionally the right 
cleaning material has to be used depending on the nature of the dirt,   
c) standardisation; after establishing the new structure/layout of the workplace 
based on the 5S. Signs and instructions need to be placed in the working area, so 
that staff members can get an understanding of the new changes brought about 
and then follow the new directions,    
d) sustaining; based on a daily or monthly schedule, the objective is to leave the 
workstation in the same state as it was when 5S was implemented. An indicative 
sign needs to be set up in order to specify instructions such as the free path, the 
location of tools and the overall sorting out of the work cell,    
 
                                                             




Figure 4.3: Steps of the 5S training program. 
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Step 3: Pre-processing design (CAD Model)  
 Part of the pre-processing design is to build the modelling elements for the training 
environment according to the data collection and the design described in figure 4.2 and 
figure 4.3. Each modelling element requires designing in 3D in order to symbolise, as 
closely as possible, the scheme of the storyboard. The features of the 3D models need to 
ensure an entire interactive system within the simulated environment and need to 
include information such as:  
a) a model name,   
b) the object type, 
c) process animation that requires performing certain tasks, and 
d) the affiliation/relationship between different modelling elements, and  
e) the hierarchical statuses among the 3D elements. 
Besides the 3D models, a C++ program is written which includes all the physical 
features of the 3D models, such as the properties of each virtual object and the 
interaction between the modelling elements, as well as between trainee and the virtual 
environment. Figure 4.4 illustrates the overall structure of the training program and how 




3D modelling in 
3D Studio Max
Rendering the 3D 


























VR format (VDI format)
 
Figure 4.4: The work structure for the overall pre-processing design. 
Step 4: Generate 5S Checklist 
The checklist illustrated in appendix 1.1 can support assessors/trainers in monitoring the 
trainee’s progression and in appraising their performance throughout the sessions. It 
represents the various activities to be undertaken and evaluates whether the trainee: 
a) understands the concept of the  5S,  
b) takes the right decisions, 
c) improves the performance measures, and  
d) implements all steps correctly. 
The composition of the checklist is made of sets of actions classified per category, 
where each category denotes the stages: sort, simplify, sweep, standardise and sustain. 
The evaluation of those actions is done by scoring them according to the understanding 
of the trainee using the evaluation ranking system described in appendix 1.1. The use of 
the checklist provides advantages in the design and enables the assessors/trainers to 
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deliver constructive feedback based on the trainee’s behaviour during the simulation 
runs.    
Step 5: Development of the VR modelling element  
The modelling elements are defined as an “object type” in the VR system as mentioned 
in step 3 and three types have been developed which are; 
a) Part - a piece or segment of an object which can be used in assembly or 
subassembly (Duflou, 2011). 
b) Buffer - defined as a resource which can be found within a workplace and has 
many potential functions related to machine reliability, batch size, flow of 
material (Yamamotoe et al, 2007).  
c) Tool - device used to perform tasks (Buyurgan et al, 2004). 
In addition to the type of object another aspect has been developed, the “movement 
type”. It enables the manipulation of the 3D models with different movement properties, 
which are illustrated in table 4.1. 
Table 4.3: Description of the movement types enabled within the virtual reality training 
program  
a) “Move” is used when an object needs to be manipulated in any direction as 
long as it stays within the modelling environment and does not collide with 
another modelling element. 
b) “Slide” is used when an object needs to be transported from one point to 




Step 6: Development of the decision-making of 5S training programme 
Based on the checklist mentioned in step 4, “decision-making” tools have been designed 
with the objective of bringing awareness to the user during training simulation. Van 
Velzen et al (2011) have demonstrated the advantages of practical knowledge over 
theoretical learning through collaborative lesson planning, performing and evaluating. A 
similar method is applied in this research: the practical learning process is done through 
the virtual reality (VR) program by bringing the theoretical learning curve for the 
selected lean enabler with the practical side i.e. virtual reality (VR) environment. The 
“decision-making” tools are composed of multiple choices which can be used at each 
stage of the training exercise. Table 4.2 illustrates the different options developed.  
Table 4.4: List of the pre-set actions for the 5S training programme within the VR 
system 




Tag item  Used to select unnecessary objects that need 
to be removed to an inventory point by red 
tagging them. 
Move tagged Allows the user/trainee to automatically 
remove all the red tagged objects from the 
work station to an inventory point. 
Scrap 
 
When a used item is broken, “scrap” action 




User/trainee can mark a selected area in 






Used to clean the dirt originated by oil.  
Water 
 
Used to remove water spilled on the floor or 
in working area.   
Floor 
 
General cleaning action to clean the floor of 
the working station 
 
 
Shadow board  Allows the possibility of setting up a 
shadow board for organising tools 
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Arrange Recycling bins  Imports recycling bins for the wastes 
Properties 
 
Allows visualisation of the information 
about any object in the virtual environment. 
 
Gaoling et al (2010) have implemented a training program for manufacturing systems 
using virtual reality to teach users to assemble a mechanical part in a virtual world 
before performing it in the real world. The outcomes of their study show that the VR 
environment brings the user intensive feeling of immersion, which gives better results in 
terms of training. Benefits can be enhanced with the implementation of an interactive 
dynamic simulation to facilitate the planning, evaluation and verification of a 
mechanical assembly system. Similarly to what has been mentioned in table 4.3, a list of 
decisions is displayed for the 5S environment, which represents a series of pre-actions 
developed to be used within the virtual environment. They perform a variety of tasks, 
from cleaning and moving materials to scrapping components. The purposes of the 
“decision-making” tools are to facilitate the manipulation and performance of tasks, 
which consequently can affect the output results depending on how they have been 
used. This aspect has been expanded on later in the research. 
Finally table 4.3 represents the equivalent of the checklist mentioned in appendix 1.1 for 
the VR training program. In each stage of the 5S, it describes the options to select from 
the “decision-making” tools which can enhance the implementation of the 5S in the 






Table 4.5: Steps of the 5S in the VR training 
Elementary steps to be undertaken in 5S simulation programme 
Sort Analysing the working area by identifying the usability of each item. 
 
Action in the VR environment: menu → properties 
Tagging unused items in red in the workstation 
 
Action in the VR environment: menu → tag 
Simplify The red tagged items have to be removed from the workstation and 
stored in an inventory place. 
 
Action in the VR environment: menu → remove tagged 
Organising the tools used in the workstation by setting up a solid 
organisation system with the use of a shadow board. 
 
Action in the VR environment: menu → shadow board 
Setting up a recycle system for the wastes with the use of recycle 
bins. 
 
Action in the VR environment:  menu → recycle bin 
Sweep Tidying the shop floor by using the cleaning tool. 
 
Action in the VR environment: menu → cleaning floor 
Depending on the nature of the dirt in each area, use the appropriate 
cleaning tool. 
 
Action in the VR environment: menu → cleaning →“Choose the 
right tool” 
Standardisation Setting up rules for operators by clearly indicating the free path as 
well as separating the workstation from inventory 
 
Action in the VR environment: menu → mark area 
Sustaining Setting up an inspection to check that the standard rules set at the 







Step 7: Visualisation: results display system  
The results display system can be an important part of a training programme when it 
comes to evaluating a session. Shiozawa et al (2010) have developed a data display to 
support assessors on the following statements: 
 improving the analysis of the training session, by decoding information 
from the data, 
 localising problems faced by the trainee during the evaluation, and 
  the ability to provide constructive feedback after the training session.  
In addition, Packham et al (2005) have adopted an interactive visualisation for 
evaluation and problem identification. Their visualisation system is based on providing 
several sets of results in different formats such as 2D and 3D graphs and digital results. 
“A data treatment program” has also been implemented in order to facilitate the 
analysis. In this research, a similar approach is undertaken; however the functionality of 
the results display system has more than one objective. It covers the principles 
developed by Packham et al (2005), particularly in underlining a problem happening 
during a training session, but also the ability to follow the progression of the trainee’s 
understanding during the session. Therefore two types of results display system have 
been developed: 
a) First type: data display in the simulator 
It is an inbuilt data display within the virtual reality (VR) program; as a performance 
indicator, it displays the essential data necessary for a trainee such as; 
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i) date and time: each training session is dated and the time is recorded with 
the results collected at the end of the training session, 
ii) duration: the time taken to complete the training session. It starts when the 
session begins and run until the end, and 
iii) task time: the time taken to complete one individual task. It is mainly 
affiliated with the decisions made in the training program. Depending on the 
decisions, the task time starts running and records the time taken to complete 
the particular decision selected. 
 
b) Second type: Output results display 
The aim of the results display is to support assessors/trainers in following the simulation 
session and monitoring the trainee’s performance; it displays information such as 
performance measures in real time as the training is running. Depending on the lean 
training selected and the assessor’s requests, the data is displayed at each step of the 
training. Different forms are enabled such as displaying digital values, graphs and 
representing results in percentages. 
Step 8a: Identification of the performance measures  
The performance measures play an important part in a training program in allowing 
trainees as well as assessors/trainers to observe and evaluate the results of the 
performance measures collected. The performance measures defined by Khalil (2005) 
have been used in this research to evaluate the performance of a trainee in a simulation 
run. They are composed of: 
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i) % blocking: represents the inactivity of a work centre where items are not 
processed due to not meeting the required conditions. This can be caused by a 
queuing or machine failure which can prevent parts either from getting to the 
work centre or being sent to the next work centre.    
ii) % waiting: is the time taken by the preceding workstation to complete the jobs 
so parts can be sent to the next workstation to be processed. 
iii) % working: is the percentage of time when machines are working. 
iv) % level of skill: represents the understanding of a trainee in applying the taught 
concept in the workplace. It is expressed in percentage. 
Step 8b: Development of the algorithm to generate performance measures  
The structure of the VR training program is based on a virtual training environment – 
simulating a workplace and results display system – allowing assessors to visualise the 
results of a simulation run in real time. Within the VR training program, the structure of 
the working environment is based on several elements – part, buffer and tool. As 
illustrated by the flow chart in appendix 1.2 each one of those elements has been built 




Figure 4.5: Overview of the interactive data displayer. 
The design and development of the algorithm which allows the production of the 
performance measures for a simulation run under the VR training are composed of two 
parts which are: 
a) capturing  data about the layout of the workstations during a simulation run, and 
b) comparing the collected data with the reference model in order to generate the 
performance measures. 
Figure 4.6 illustrates the general procedure for generating the outcomes. The process of 
measuring the performance measure is linked with a reference model also mentioned in 
this research as a “reference file”. It consists of storing the ideal layout of the working 
environment which is used during the simulation run to measure the current state of the 
virtual working environment, and consequently derives the performance measure. The 
reference model indicates the position in space of all items – parts, buffers, tools and 
workstations, but also detects the presence of scrap component, shadow board, the 




Loading the reference files/
model
Receiving data from the VR 
training program
Comparing the current data 
with the reference data
Deriving the performance 
measures
 
Figure 4.6: Development steps for displaying performance measures. 
The algorithm is based on a comparative mechanism, it consists of collecting the data 
coming from the VR system program and comparing it with the reference data uploaded 
beforehand as described in figure 4.6. The results of that comparison generate the 
performance measures. The reference file represents the ideal working environment that 
a trainee is supposed to aim for when being in the training program. It contains the 
entire stages of 5S methodology which include: 
a) object type – elements which are essential for an effective process in the work 
station are represented, it includes: 
i) parts, including scrap component,  
ii) buffer, 
iii) tools, and 
iv)  imported elements such as shadow board or the recycling bin. 
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b) position in space – each location of the object is recoved in the reference file, so 
results are being generated by comparing the state of the workplace with the 
reference model. 
4.4 Results of the experiments 
4.4.1 Description of the experiment:  
The objective of the experiment is to investigate the teaching efficiency of a training 
program. The experiment runs by collecting and analysing data coming from the 
training program as well as going through a brainstorming session with the trainee in 
order to get the extra information crucial  to complete the analysis.  
The experiment is carried out three times. Different parameters are set up for each run 
as described in table 4.4. 
Table 4.6: The composition of the 5S simulation experiment 
First run: The 5S simulation program is launched and the trainee is going through 
the principle without using any of the pre-set decisions offered by the training 
program.   
Second run: The trainee applies the 5S principle with the use of the pre-set decisions 
but without consulting the properties of each element within the simulation 
environment. 
Third run: The trainee carries the 5S exercise in the VR system by using all the pre-





4.4.2 Display of the results: 
i) Investigation of the performance measures at the sorting stage  
The graph represented in figure 4.7 describes the progression of the performance 
measures at the “sorting” stage during the three simulation runs of the 5S training 
program, based on the results illustrated in appendixes 1.6 to 1.8.  
  
Figure 4.7: Results collected during the “sorting” stage of the 5S simulation run 
The figure 4.7 displays the outcomes collected for “% blocking”, “% waiting”, “% 
working” and “% skills level”. Improvements in the performance measures (“% 
working” and “% skills level”) are visible when the trainee makes use of the “decision-
making” tools while performing the exercise.  
The results collected in the first simulation run translate the trainee’s unawareness of the 
layout of the workplace and how to organise it in order to improve the work. Therefore 
the application of 5S was not well implemented which leads to poor results – where the 























quality. However as the trainee goes through the second and third simulation runs, the 
errors committed in the first session were corrected and leads the trainee to sort out the 
workplace by analysing it at the start and then taking the appropriate decisions in order 
to re-structure the layout. Consequently the performance measures collected appear 
closer to the results described in the reference file, especially in the last simulation run.   
ii) Investigation of the performance measures at the simplifying stage  
In this section, the research looks at the progression of the performance measures at the 
“simplifying” stage of the 5S.  
  
Figure 4.8: Results collected during the “simplifying” stage of the 5S simulation run 
As described in figure 4.8, when the trainee does not make use of the “decision-
making” tools, it leads to a poor understanding of the workplace; “% blocking” and “% 
waiting” are higher than “% working. However, when the trainee utilises the tools, then 
better results are obtained which leads to high “% working” and “% skills level” and 

























In the simplifying stage of the 5S, the objective is to enable the accessibility of 
tools/parts, preventing loss/waste of time and making the work flow smooth and easy. 
By observing the results of the first simulation run, the results obtained are not meeting 
the standard quality which is described in the reference file of the training programme. 
Therefore the simplified workplace of the first simulation run can increase the risk of 
damage to items, not meeting the delivery time set by customer and low quality. 
Whereas in the last simulation run a clear separation is noticeable between % blocking, 
% waiting and % working – The outcome implies a workplace with a low risk of loss 
and wastes and better quality of items produced. 
iii) Investigation of the performance measures at the sweeping stage  
The next step looks at the progression of the performance measures at the “sweeping” 
stage of the 5S. 
 



























The “% working” and “% skills level” are at their peak, whereas “% working” and “% 
blocking” are low when the trainee consults the property of each element and 
consequently selects the appropriate tools for the cleaning process.  
iv) Investigation of the performance measures at the standardisation stage  
Finally the last interpretation of the results is the performance measures at the 
“standardisation” stage of the 5S.  
 
 
Figure 4.10: Results collected during the “standardisation” stage of the 5S simulation 
run 
This is the last stage of a 5S simulation run, and obvious difference is visible among 
performance measures with a low “% blocking” and “% waiting” and high “% 
working” and “% skills level”. 
The standardisation stage aims to set up a working environment where high standards of 



























consistently maintained. Comparing the results obtained in the different simulation runs, 
especially between the first and the last run, they demonstrate a good understanding on 
the part of the trainee of how to apply the 5S. The results obtained in the third 
simulation run appear closer to the objective, especially with a low %waiting and 

















Chapter 5: Research Methodology and Experimental Design for Standard    
         Operating Procedure (SOP) 
 
5.1 Introduction 
This chapter describes the development of another lean enabler, Standard Operating 
Procedure (SOP). Defined in lean as a set of written instructions approved by 
specialists in charge, it describes a routine, or repetitive tasks carried out in a workplace. 
According to Song et al (2008), the SOP is an integral part of successful quality control 
that looks at providing sufficient support for each member of staff to perform a job 
properly and facilitate consistency in the quality and integrity of a product. The focus of 
this chapter is to establish with a structure to set up a training methodology for 
supporting the learning aspect of SOP. Each step of the development procedure for the 
training program is detailed, from the data collection through to the generation of 
results, including the development of the model as well as the “decision-making” tools.  
5.2 Research steps for the Standard Operation Program (SOP) 
The research steps for the Standard Operating Procedure (SOP) are developed based on 
the method mentioned in section 4.3, which elaborates each single stage of the 









Figure 5.1: The steps used to develop the SOP program within a VR system. 
Section 2: Development of the SOP training program 
Step 1: Data collection 
Data is based on quantitative research through gathering information for the 
development of the virtual model and establishing the steps undertaken for the assembly 
of a product provided by Caterpillar – Fuel Filter. The qualitative information has also 
been collected through meetings and informal discussion as well as each step of the 
development process having been validated and assessed/reviewed by the project 
collaborators.  
A standard work element sheet has been provided by Perkins (illustrated in appendix 
2.28) which describes the main assembly process of a fuel filter.  This document has 
been used as a base in order to develop each model in 3D and used the sequence of 
assembly as a reference in order to evaluate a SOP training session under the VR 
system. 
Additionally in Table 5.1, a set of performance measures have been provided, which 
contains the results related to “people”, “quality” and “velocity”. These outcomes will 
be used by this research as a bench mark to evaluate each simulation run. 
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Table 5.1: Performance measures of the fuel filter assembly 





Step 2: Development of the storyboard  
As it has been processed for the development of the 5S in section 4.3, the collected 
information is combined with the support of a storyboard to organise the development 
of the training program. The work assembly are determined as part of the tasks to be 
performed according to a standard work description, also known in lean manufacturing 
as Standard Operation Routine (SOR) (Mager et al, 2007). When workers carry out 
tasks, the SOR gives the required sequence in which they can be performed in a given 
operation and at the operation level: it is the sequence in which personnel performs a 
series of operations. Three types of Standard Operation Routine (SOR) exist in the lean 
manufacturing (Mager et al, 2007):  
a) “a single repeated process” – the prescribed instruction describes the sequence 
of a group of tasks to be performed repetitively,  
b) “a multiple repeated process” – based on a prescribed sequence in which several 
operations are performed on a repetitive basis, and 
c) “a multiple non repeated process” – defines the sequence of operation or tasks 





Figure 5.2: The Standard Operating Procedure (SOP) storyboard. 
In this research, the assembly process described in the SWES provided by Perkins 
(appendix 2.28), describes a series of single steps to be performed in order to assemble 
the fuel filter, therefore “a single repeated operation” SOR type has been used to 
develop the training program. As illustrated in figure 5.2, the storyboard breaks down 
the different job tasks such as: 
a) Work sequence – consists of assembly of an item according to steps described in 
the standard procedure,  
b) the hand motion – in the SOP the hand gesture is standardised with the purpose 
of minimising excessive movement and consequently reducing waste motion,   
c) tools handling – according to the nature of the activity, tools can be organised 
using a shadow board or other accessory such as trays, tools racks, etc.   
d) health and safety – composed of sets of rules to ensure the health and safety of 
staff members during the production process. 
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Step 3: Pre-processing design  
Part of the pre-processing consists of designing and developing the different modelling 
elements or objects that will be imported to the virtual environment. Therefore in this 
section, the focuses are made on designing the modelling elements according to the 
method which consists of: 
a) collecting the required modelling elements designed in a CAD model. 
b) elaborating the required animation for certain manipulations – some assembling 
processes such as screwing or fixing need to be represented in the virtual 
environment,     
c) converting the model into virtual reality format, and  
d) implementing the C++ program which includes the physical features of the 
modelling elements – the specifications of tools, parts and other elements 
developed in the VR environment.  
Step 4: Development of the Standard Work Element Sheet (SWES) 
 A training programme may be a profitable investment that could be of benefit within a 
small or large organisation. Under normal circumstances, a training session contains 
four stages (Berkhof et al, 2011); 
a) establishing a need  analysis by providing trainees with the objective of the 
training session and the learning outcomes,  
b) preparation of the session by giving the necessary information to the trainee, 
such as the instructions of the training program, the principles of the Standard 
Operating Procedure (SOP) and its objectives, 
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c) running the training session where the trainee carries out SOP tasks in a virtual 
environment, and 
d) analysing the results of the session, where the trainers/assessors view outcomes 
of the program with all the required details for providing feedback.  
The elementary aspect discussed in this stage is the preparation of the training 
program, where information is transmitted to the trainee. In lean manufacturing, one of 
the methods used to describe the standard work is through the use of different standard 
worksheets as listed in table 5.2. They provide staff members with written information 
on the assembly procedure.  
Table 5.2: Types of standard work sheet use for SOP 
a) Standard Work Combination Sheet (SWCS): guide assessor by providing descriptive 
detail on operator’s manner, through recording human and machine movements based on 
TAKT time, e.g. the demand rate of production, and shows the interaction between a 
single operator and a machine or more general a work cell (Black, 2007). 
b) Standard Work Element Sheet (SWES): used as a support tool to analyse staff 
members’ performance during a work shift or training simulation. The SWES is mainly 
used as a tool to set up instructions and explain how to carry out the standard work. Each 
step of the assembly process needs to include information such as (Lin and Yen, 2011); 
i) a description of each part, 
ii) the type of tool and how to use it, 
iii) the sequence of assembly, 
iv) detail on the hand motion during assembly process, and 
v) the health and safety issue. 
c) The Standard Work Chart (SWC): a diagram which specifies the work sequence for 
one operator, details the work to be performed and includes the standard time (TAKT 




For the purpose of this research, a Standard Work Element Sheet (SWES) is used in the 
simulation program as a tool which focuses on interaction between staff members and 
the working area. Each individual step is described as it may have specific and detailed 
instructions as shown in appendix 2.2.  
Step 5: Development of the modelling element for VR environment 
Modelling elements, also known in this research as “objects” within the virtual reality 
(VR) program, are built with the same structure mentioned in section 4.3. The purpose 
of the Standard Operating Procedure (SOP) varies from the objective of the 5S. It is 
essentially based on manipulation through performing the assembly of an item. 
Consequently to be able to fulfil the requirements as listed in table 5.1, some modelling 
elements such as “interactive zones” and “health and safety” have been introduced.  
Table 5.3: Types of modelling elements developed for the SOP training program 
Modelling element Description 
Part type object 
 
associated with the “move” type movement defined in section 




is a boundary designed for each modelling element which; 
(i) indicates the beginning of an interaction and  
(ii) identifies the object to interact with. 
 Tool type object 
 
the tool developed represents Allen keys in different sizes. 
The specification of each one of these tools is described in 
their respective properties. 
Health and safety 
element 
 
during the assembly process,  all of the elements which 
represent the health and safety aspects in the virtual 
environment are described, such as the lighting or the secure 
device on the work cell.   
 
The two modelling elements introduced into the SOP training program have the 
objective of enhancing the manipulation of 3D objects through allowing an interaction 
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within the modelling elements and the possibility for the trainee to perform each stage 
of the assembly process according to the SOP principle.   
a) As defined in table 5.3, each 3D object contains an interactive zone within the 
virtual environment. It is developed as a support for assembly aiming to help 
users perform complicated tasks in the virtual environment, through animations 
– an example of the interactive zone effect is when a “screwing” action needs to 
be performed: when the trainee takes a screw and the appropriate Allen key that 
matches the screw, it determines the beginning and the end of an animation 
where the conditions of execution are met; such as when an appropriate tool type 
object is coming into contact with a matching part type object.  
b) The second modelling element introduced is related to the health and safety of 
the working environment as it is another important parameter of the SOP. As 
defined in table 5.3, the health and safety modelling element is oriented to 
provide a secure environment throughout the process by bringing awareness to 
the trainee on the different levels of caution in a workplace.     
Step 6: Identification of the performance measures  
For the purpose of generating the performance measures, the SOP training program 
needs to contain algorithms which will allow measuring parameters from the simulation 
run in order to derive the outputs. The parameters focused on by the VR training 
program are: 
 Motion – describes the hand motion during the assembly of an item – the 
algorithm illustrated in appendix 2.1, records the hand motion by capturing the 
coordinate in space. The aim at this stage is to identify how the hands operate in 
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the virtual environment when the trainee is performing a specific action in a 
defined area.  
 Work sequence –relates to the steps of assembly of an item – each modelling 
element has a unique definition: composed by the type of object, its name, its 
specification and the order of assembly. The training program needs to evaluate 
the order of assembly based on the reference file. It generates an outcome 
expressed in percentage which indicates how much the trainee has been 
following the instructions specified in the Standard Work Element Sheet 
(SWES). 
 Tool Handling – symbolises the utilisation of tools – aspects such as using the 
appropriate tool for a part and placing it back in its correct place are controlled 
by the program. The purpose of the “tool handling” parameter is to ensure the 
standard of work is respected. 
 Health and safety element – relates to the health and safety standards set up by 
the SOP – defined within the VR training program, the Standard Operating 
Procedure (SOP) is composed of specific actions
6
 which aim to symbolise the 
health and safety aspect of the work process. Based on the number of actions 
defined in the reference file (it is where the data for the SOP is saved and the 
program uses it as a reference to generate the performance measures), the 
program verifies whether those actions have been performed during the 
assembly.    
Based on the parameters derived above, the SOP training program derives the 
performance measures at the end of each sequence of assembly as defined in the 
                                                             
6 See appendix 2.2 for an example which consists of securing the item before starting the assembly 
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Standard Work Element Sheet (SWES) illustrated in appendix 2.2. The objective is for 
assessors/trainers to analyse the assembly process of a product, assess the performance 
and visualise the evolution through four types of outcomes which are: 
a) People: health and safety; 
Job descriptions are developed for each individual task/activity which take into account 
all aspects required to ensure a secure and trustable production (Saurin and Ferreira, 
2009). Rigas et al (2003) have looked at the health and safety aspect and demonstrated 
that it depends strongly on the operators’ understanding of the eventual hazardous risks 
which can be linked with the workstation and the use of equipment or other elements 
designed to ensure the safety of the production. 
Consequently the health and safety precautions in this research are strongly related to 
the work procedure as illustrated in table 5.3. To evaluate the safety of a production, it 
is vital to look at the ability to use the right tools and understand the importance of 
standard procedure adherence. Consequently the relationship developed and which 
composes part of the algorithm for generating results is; 
People (health and safety) = health and safety element + tool handling 
b) Quality: quality of production based on customer demand  
The performance measure “quality”, related to the production quality, measures the 
conformity of the production according to the specification required from customers 
(Han and Park, 2002). Nejjar (2011), Garcia et al (2012), Lin and Pearn (2011) and Hon 
(2005) have looked at the quality process within organisations and classified the 
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characteristics of the quality production in a workplace. The improvement of the work 
and reduction of wastes have been highlighted as part of the quality production features.  
In the research scope, quality is partially influenced by the order of assembly which has 
been designed to provide the best method of assembling an item by generating the best 
quality for the customer’s requirements and increasing the production yield. The second 
parameter to generate quality is focused on the waste motion, e.g. reducing excessive 
hand movement during the assembly process which can increase production time as 
well as reducing the quality of product. Consequently the relation for quality which 
combines the work method and waste reduction is: 
Quality = Hand motion + Order of assembly 
c) Velocity: process time 
The process time is seen as the time taken during which the material is being changed 
e.g. machining the operation or an assembly (Chincholkar, Herrmann, 2008). In this 
research, process time also known as velocity, is seen as the time taken to complete a 
task during the assembly process of an item. The outcome that represents velocity, 
describes the improvement of the process time expressed in percentage. The algorithm 
generates the result by comparing the time taken to complete a job with the process time 
in the reference file.  
d) cost;  
The performance measure cost is related directly to the production cost of a single item. 
It is affected by different factors, such as quality of production, the Standard Work 
Elementary Sheet (SWES) and the behaviour of personnel (Gamberi et. al., 2008). Cost 
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is one of the important outputs measured in the Standard Operating Procedure (SOP) 
(Ozbayrak et. al., 2004) and (Roy et. al., 2008).  However for the purpose of this 
research the output cost stands outside of the scope and therefore it is not been taken 
into account.   
Step 7: Development of the “decision-making” tools within virtual reality (VR) 
training program 
Despite the limitations linked with the virtual reality equipment, mentioned in section 
5.2, step 3, “decision-making” is implemented within the SOP in order to offer an 
element of support for the training program which includes: 
a) consulting the features of a particular modelling element such as the modelling 
element type, the last time that the modelling element was used and the 
frequency of usage, and 
b)  supporting trainees with complicated/unachievable manipulation (due to the VR 
equipment limitation) such as placing a part type object inside of a buffer type 
object or utilising a tool type object to screw a part into another.  
Table 5.4: List of the “decision-making” tools developed for the SOP training 
programme. 
Actions name Description 
Tool  Allen Keys M3 
 Allen Keys M4 
 Allen Keys M5 
 Allen Keys M8 
 Allen Keys M9 
Allows the trainee to select the appropriate 
tool to process the assembly of the item. 
Allen Key is an “L” shaped tool consisting of 
a rod having a hexagonal cross section, used 
to turn a screw with a hexagon in the head. 




 Close arms 
 Open arms 
Being part of the health and safety aspects of 
the SOP, it enables the securing of the chassis 
of the item on the work bench during the 
assembly process. Two actions are available. 
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Rotation holder Enables the turning of the work bench where 
the chassis is fixed in order to facilitate 
observation of and the assembly process of the 
item. 
Light  Turn light on 
 Turn light off 
Allows the switching on and off of the lights 
in the work station – one of the health and 
safety aspect procedures of the SOP 
Properties Allows visualisation of the information about 
any object in the virtual environment. 
 
Step 8: Data generation algorithm and the results displayer  
An algorithm is developed to generate results based on the input parameters. The 
performance measures defined in step 7, section 5.2, are quantified during the 
simulation session according to the performance of the trainee. The algorithm is written 
in C++ program, which is defined in appendixes 2.19 to 2.24. 
 
Figure 5.3: General structure of the SOP training program. 
As it has been done for the 5S training program mentioned in section 4.3, the principle 
of generating performance measures is based on comparing two types of data – the 
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reference data and the current data. The reference data contained in a file represents the 
ideal work procedure to assemble an item symbolized in the virtual environment. Once 
the modelling environment is defined and loaded in the training program, the reference 
file is created using the virtual reality (VR) system. Each step of the assembly process is 
constructed by capturing the correct assembly procedure, which is:  
a) The standard hand motion to adopt during the assembly process, 
b) The order of assembly for each part, 
c) The tool handling, and 
d) The processing time for each step of the assembly process. 
During the simulation run, the four parameters are sent into the results generation 
program at each stage of the assembly and by comparing those parameters with the 
standard parameters defined in the reference file, the performance measures are 
generated.  
5.3 Running the experiments for SOP training program   
The experiment consists of analysing the effects of the input parameters mentioned in 
step 2, section 5.2, on the output results of the SOP training program illustrated in step 
7, section 5.2. Each experiment is conducted to generate a set of results. Based on the 
combination of the input parameters described in table 5.5, the experiments aim to 
evaluate the SOP training program, especially the effects of the decisions made. They 
are composed of sixteen simulation runs where all the possible combinations of the 
input parameters have been taken into account. The experiments are conducted with the 
help of 16 participants, especially students and staff member of Perkins. Each 
simulation described in appendix 2.29 are designed to emphasise one or several input 
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parameters of the standard operating procedure and provide instructions and tips to the 
trainee in order to ensure that the appropriate guidance has been followed correctly. The 
input parameters are composed of four elements, which are “health and safety”, “work 
sequence”, “hand motion” and “tool handling” as described in table 5.5 and the output 
results are generated for each step of the assembly process and they have been attached 
in appendixes 2.3-2.18. In table 5.5, the average values of the output results are 
calculated for each run.  
5.3.1 Steps of the experiments 
a) Design of the training environment 
The VR training program includes a user interface which allows the assessors/trainers to 
define the training environment, either by importing 3D models from CAD design or re-
arranging an existing model stored in the library of the training program. With the use 
of the “edit mode” of the training program, the working environment can be defined in 
order to suit the trainee’s professional background and load the virtual environment.  
b)  Define the Standard Operating Procedure (SOP) within the training program 
The SOP needs to be defined using a reference file which can be created through the VR 
training program. Using the “Capture reference” mode of the results display interface, 
the assessor/trainer performs the assembly process ensuring they capture the whole 
procedure of the work standards described in the Standard Work Element Sheet (SWES) 
illustrated in appendix 2.2. Consequently all the information such as the four parameters 
defined in section 5.2, step 2, are collected by the program and saved in a file at the end 




c)  Run the simulation model  
In order to start the simulation, it is important to ensure the reference file which 
corresponds to the modelling environment is selected. The simulation run consists of 
executing the experiment based on the input parameters defined in section 5.2, step 3. 
Those parameters symbolise the method used during the assembly process.  
d)  Results collection 
The results of the experiment are collected for each simulation run in excel format 
which includes all the results of the performance measures at each stage of the assembly 
process. 
5.3.2 Display and analysis of the output results 
The four parameters mentioned in section 5.2, step 2 are used in this experiment as 
inputs. Sixteen simulations runs have been performed which take into account all the 
possible combinations of the inputs as defined in table 5.5. In order to visualise the 
effect of the decision made on the outcome for each experiment, the results illustrated in 
appendixes 2.3 to 2.18 have been collected for every simulation run and an average 








Table 5.5: The results of the Standard Operating Procedure training program evaluation 











People Quality Velocity 
1 0 0 0 0 0 13.36 23.14  
2 0 0 0 1 26.45  17.44  21.86  
3 0 0 1 0 0 28.82  25.54  
4 0 0 1 1 38.71  39.34  43.10  
5 0 1 0 0 0 36.04  16.93  
6 0 1 0 1 29.83  37.69 23.14  
7 0 1 1 0 0 75.36  58.28 
8 0 1 1 1 39.91  75.36  66.61  
9 1 0 0 0 47.38  25.68  23.95  
10 1 0 0 1 83.44  28.93  27.59 
11 1 0 1 0 51.34  35.54  24.89  
12 1 0 1 1 87.87  49.43 57.80  
13 1 1 0 0 59.75  48.68 43.65  
14 1 1 0 1 87.24 54.47  65.34 
15 1 1 1 0 59.51 71.26  66.84  
16 1 1 1 1 93.06 85.42  79.76  
N.B. In the input parameter, the value “1” means “method applied” and “0” means “method not 
applied” 
To be able to analyse the effect of the input parameters, the data is reorganised in order 
to facilitate the observation.  As detailed in table 5.6, the results have been classified in 
three categories, which are; 
 executing the assembly work without considering SOP principles; all 
aspects of the standard procedure described by the  Standard Work 
Element Sheet (SWES) are dismissed, 
 performing the assembly process with a partial implementation of the 
input parameters. For each run of the simulation model, part of the 
elements described in SWES are taken into account, and 
 total implementation of the principles consists of running the 
simulation model and ensuring the implementation of the entire 
procedure as indicated in the SWES during the assembly of the 
virtual item as illustrated in section 5.2, step 5. 
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Table 5.6: Reorganisation of the results according to the level of implementation of the SOP 
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a) Analysing the evolution of “people” according to the implementation of the SOP 
principles. 
The results described in Figure 5.5 are related to “people” and they were collected 
during several experiments where in each experiment a unique instruction was 
established in order to ensure that the trainee would apply the appropriate approach in 
order suit the purpose of the experiment. Those instructions are described in appendix 
2.29. 
 
Figure 5.5: Progression of the output related to “people” 
The results collected for “people” are coming from the experiments where only one of 
the parameters (“health and safety” or “tool handling”) was correctly applied by trainees 
during the several experiments run. Therefore in Graph.1 of the figure 5.5, the results 
vary between 20% and 60%. Comparing the results with the reference value, which 
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corresponds to the outcome obtained by a specialist, the lowest margin (corresponding 
to the difference between the highest results obtained and the reference) is 36%. 
Whereas the highest margin (the difference between the smallest result obtained and the 
reference) is 69.84%. The results obtained demonstrate that trainees who went through 
the simulation run did not make the appropriate decisions and therefore implemented 
the steps related to “health and safety” and “tool handling” inefficiently or only 
partially. Consequently the performance measure “people” obtained does not 
correspond to the outcome in the reference file. 
 In the category of the experiments where trainees applied both parameters, “health and 
safety” and “tool handling”, the average results obtained (87.9%) are highest than the 
results displayed in Graph.1 (44.15%). Moreover the lowest margin in Graph.2 is 3.2%, 
whereas the highest margin is 12.9%. These obtained outcomes translate a good 
understanding from the trainee about the “health and safety” elements and how to 
handle tools while performing the work. The appropriate decisions were undertaken and 
the steps described in Standard Work Element Sheet (SWES) were applied accurately, 
and consequently the outcome obtained tended to match the reference. 
From these results, an improvement can be observed, especially on the performance 
measure “people”. Some elements linked to health and safety were described in the 
Standard Work Element Sheet (SWES) in appendix 2.2 with the aim of ensuring that the 
work will be conducted by the trainee in a safe way, and the training program was 
designed to look at these aspects of the SOP. Therefore whenever the trainee missed 
applying the standard described in the SWES, it automatically impacted on the result.    
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Having a system that displays outputs in real time and that is responsive to the 
interaction and decisions made by the trainee can improve the learning curve. The 
training program has been developed with the aim of being as close as possible to a real 
work environment and to correlate the results of a training session with the outcome 
obtained by a specialist of the work station. This puts the trainee to work in realistic 
conditions and therefore highlights the importance of the SOP at work. 
b) Analysing the evolution of “quality” according to the implementation of the 
SOP principles 
In a similar way, the results related to “quality” have been collected while conducting 
the sixteen experiments described in table 5.5.  Each trainee went through the 
simulation runs and followed the appropriate instruction detailed in appendix 2.29. The 
objective was to observe the progression of “quality” and how the parameters (“hand 




Figure 5.6: Progression of the output related to “quality” 
The Graph.1 in figure 5.6 describes the evolution of “quality” during the experiments 
where neither of the parameters (“hand motion” or “work sequence”) was applied by 
the trainee. The average value of the results in Graph.1 is 21.35%. As for the highest 
margin, corresponding to the difference between the lowest value of “quality” obtained 
and the reference, the value is 80%, whereas the lowest margin, which is the difference 
between the highest values obtained and the reference, is 64.5%. The experiments’ low 
outcomes are mainly related to a poor understanding of the standard by trainees. The 
decisions made in the experiments 1, 2, 9 and 10 were not appropriate and did not 
follow the standard described in the SWES. 
111 
 
In Graph.2, the average value of “quality” obtained is 45.66%. As for the highest 
margin, the value is 64.58% and the lowest margin is 38.93%. During the experiment 
stated in Graph 2, trainees understood the aim of the SOP and managed to implement 
some of the steps. However their understanding remains partial and therefore the 
decisions undertaken did not entirely follow the description in the SWES. An 
improvement is noticeable when the results are compared with those in Graph 1; 
however they are still only midway towards the reference. 
Finally in Graph.3, the average value derived is 76.85% and highest margin derived is 
22.14% and the lowest is 8%. From the above observation, the results displayed in 
Graph.3 are closer to the reference then the other two graphs. These results in 
experiments 7, 8, 15 and 16 prove a good grasp of the Standard Operation Procedure 
(SOP) by the trainees. They have managed to understand the purpose of the SWES, 
especially in adopting the correct “hand motion” and ensuring the “work sequence” is 
respected in order to complete the work successfully. In the SWES, the work sequence 
has been established, which maximises the efficiency of manufacturing the item and 
minimising the wastes. In the description part of the SWES, emphasis is made on 
applying the correct hand motion. Indeed, it is crucial in a production line to ensure 
operators keep their job as efficient as possible and avoiding working outside of the 
assembly procedure as it can increase “over motion”, “transportation” and also affect 
the quality of the production. Therefore, during these experiments, the trainees have 





c) Analysing the evolution of “velocity” according to the implementation of the 
SOP principles 
The last analysis conducted in this chapter is related to “velocity”. As opposed to 
“people” and “quality”, “velocity” looks at all the parameters, which are “health and 
safety” elements, “work sequence”, “hand motion” and “tool handling”. Therefore 
during the experiment runs, the SOP training program evaluated how the trainee 




Figure 5.7: Progression of the output related to “velocity” 
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The Graph.1 in figure 5.7 describes the progression of “velocity”. It corresponds to the 
experiment category where trainees did not follow the Standard Work Element Sheet as 
part of the work standard and therefore missed applying the main parameters which are 
associated to SOP. Consequently the decisions made by the trainees increased the time 
taken to complete the task, which led to an average value of 22.29% throughout the five 
experiments. The highest margin related to “velocity” displayed in Graph.1 is 70.76%, 
whereas the lowest margin is 62.22%. 
In Graph.2, the average value of “velocity” obtained is 36.77%. As for the highest 
margin, the value is 64.62% and the lowest margin is 29.48%. 
Finally in Graph.3, the average value derived is 67.27% and highest margin derived is 
29.96% and the lowest is 8%. Moreover, experiment 16 has been conducted with a 
trainee following the standard written in the SWES accurately and ensures that all 
parameters have been applied correctly. The high result obtained in experiment 16 is 
mainly due to the fact that the Standard Operating Procedure (SOP) tends to optimise 
the time taken to complete a job, therefore when the trainee accurately follows the steps 
in the SWES, he/she is working in an optimum way. 
d) Conclusion drawn from the results 
 
One of the concerns highlighted in section 1.2 was the difficulty in preventing damages 
during the on-going work while training staff members. The approach proposed in this 
research stands on a structure, which enables a flexible work environment as described 
in section 4.3 and 5.2. This method offers the possibility of setting up a desired work 
environment in order to suit the requirements of a training session and ensure that all 
subtle aspects of the real work environment are implemented. Ultimately the trainee has 
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the opportunity to go through the entire process of the SOP and grasp some of the key 
aspects of it, such as the importance of health and safety while doing the work, and 
following the appropriate procedure. 
 Another point was mentioned in section 1.2, which was related to evaluating the 
performance at an individual level and providing sufficient feedback and guidance in 
order to improve the learning curve. The VR training program is designed with the 
vision of focusing on one trainee at a time and ensuring that the Standard Operating 
Procedure (SOP) is grasped properly. Another focus of this research was to provide a 
training program which can offer support to trainers/assessors by enhancing the 
evaluation of a training session. The results visualisation that comes with the VR 
training program has been used during the experiment and offered the possibility of 
observing the progression of the performance measures in real time while the training 
was going on, but also enabled the accurate measurement of some of the key factors for 
the SOP such as the hand motion of the trainee while performing the work, or the 
utilisation of tools.  
Finally the “decision-making” aspect was one of the main factors along with a flexible 
training environment and results visualisation interface. The objective of these 
experiments was to evaluate the robustness of the proposed method when it comes to 
generating the performance measures according to the decisions made by the trainee. 
From the start until the end of a training session, the program evaluates each step of the 
assembly procedure by using performance measures obtained by a specialist as a 
reference. This offered a realistic approach as to how the work needed to be completed 
and challenged the trainee to follow the instructions of the Standard Work Element 
Sheet (SWES) accurately.   
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Chapter 6: Discussions 
6.1 Introduction 
Based on Perrin et. al. (2012), being the leaders in a specific field is becoming one of 
the common long-term goals shared by many large organisations in the global market. 
One of the strategies to stay ahead of the competition is to invest in activities that 
improve production such as training programmes (Tan et. al., 2006) and (Pennathur and 
Mital, 2003). Sung et. al. (2008) have described the importance of having personnel 
with the appropriate skills and how it can bring long term advantages. Therefore, 
training has become one of the key elements in improving work quality among 
organisations and has proven its efficiency in equipping staff members with the 
elementary knowledge and skills to perform jobs with a full understanding of the 
processes (Goulding et. al., 2012) and (Aguinis and Kraiger, 2009).  
The approach taken in this research is to develop a method which can allow the learning 
of the lean enablers such as 5S and Standard Operating Procedure (SOP), by simulating 
the workstations described in section 4.3 and section 5.2. The development stages 
include: 
a) exploring methods of training used within organisations and analysing the 
aspects of setting up and running a training session: examining the existing 
training methods, extracting the major elements relevant for the training 
program and adopting the best practices in the proposed method, 
b) examining the implementation of the lean enablers in a workplace and how staff 
members of an organisation are trained: identifying the main aspects of 5S and 
Standard Operating Procedure (SOP), 
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c) investigating the limitations of the equipment used in the virtual reality (VR) 
system and developing a method which will allow for interaction and make 
decisions possible during a training simulation, and 
d) generating the performance measures of a simulation run and being able to 
analyse them. 
This chapter illustrates the proposed method by presenting its advantages, and how it 
can complement the existing training programmes in organisations. In the first part, the 
implementation of the proposed method will be outlined by describing the steps 
required to set up a training session. The second part will examine the contribution of 
the research in the existing training programmes mentioned in section 3.6. Then, a 
discussion of the results will follow by demonstrating the different benefits offered by 
the method developed in this research. Finally the limitations of the virtual reality (VR) 
training program will be mentioned. 
6.2 Implementation steps of the proposed method 
The storyboard in figure 6.1 illustrates the procedure of setting up a training session 
using the method developed in section 4.3 for the 5S training program and section 5.2 
for the Standard Operating Procedure (SOP) within the virtual reality (VR) system. 
This section is intended as a guide for step by step implementation of the proposed 




Figure 6.1: Generic structure to carry out any lean enabler training session within the 
VR system.  
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The figure 6.1 guides assessors/trainers through the stages necessary in order to set up 
and run the VR training program using the proposed method: 
a) steps 1 and 2 – allow the setting up of the program by loading the training 
environment corresponding to either to the 5S or Standard Operating Procedure 
(SOP) and the introduction to the trainee of the entire system including the use 
of the VR equipment and the interaction mechanism within the VR environment, 
b) steps 3, 5 and 7 – describe the three consecutive runs as done in Caterpillar with 
the Simulated Working Environment (SWE) mentioned in section 6.2. They 
allow the monitoring of the trainee’s learning curve, 
c) step 4, 6 and 8 – illustrate the feedback session between each simulation run. 
The objective is for the trainee to get a better understanding of the exercise 
through analysing the output results i.e different performance measures 
collected.  
Combining a practical session through the VR system and the feedback of the 
assessors/trainers allows a trainee to understand the outcomes and the impact of making 
wrong decisions during the simulation run i.e. VR training session. The point of a 
feedback session is to encourage practical learning by advising trainees during a 
simulation and enabling them to understand and correct themselves.  
Between the first and second run, the objective is to demonstrate to the trainee the 
benefits behind the lean enablers and how they can improve work. In the third run, the 
training context gets changed; using the flexibilities offered by the virtual reality (VR) 
system, the assessors/trainers can change the initial setup of the virtual workplace in 
order to put the trainee into a different context than the one met in the first and second 
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runs. This will allow for the evaluation of the level of understanding gained through 
observing the implementation of the lean enablers in a different situation and 
subsequent analysis of the results obtained at the end of the simulation. Consequently 
the assessors/trainers can rank the session according to the improvement made in the 
working environment between the first and the last simulation run. 
6.3 The contribution of the research in the traditional training program 
In section 3.6, several training programmes commonly used within large organisations 
have been mentioned, representing different approaches to set up and run a session. In 
this section, the aim is to look at those methods and describe how this research can 
contribute to the existing training programmes: 
a) Training Within Industry 
As defined in section 3.6.1, “Training Within Industry” is one of the training methods 
used by organisations to train staff members at work, which delivers training for 
managers/team leaders to gain the required skills with the aim of leading a workplace 
through providing the necessary guidance for personnel. According to Huntzinger 
(2006) one of the limitations of TWI is on the revision management. When a work 
process needs to be re-evaluated due to customer demand, not much support is provided 
to ensure that every single staff member has been updated with the new process.  
This research offers a structure to conduct a training session using a virtual reality 
system. The method set in place offers a training platform where the simulated 
environment can be constructed /edited without major commitments, and which also has 
the capacity to update the work standard through the reference file: enabling 
trainers/assessors to update the training process as the work is evolving according to 
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customers’ requirements. Moreover, utilising VR system as a support allows the 
implementation of necessary changes while providing consistent training quality. 
b)  “On the job training” 
The aim of the “on the job training” method used within organisations is to provide 
continuous training while being at work as mentioned in section 3.6.2. The concept 
stands on combining staff members of different skill levels in order to create an 
environment where the knowledge is transmitted while keeping the work flow. 
However as mentioned in section 3.5.2, Clark and Wall (1998) have illustrated a 
disadvantage of this training method which can affect directly the ongoing work due to 
the lack of experience of newcomers in the workplace. This aspect has been taken into 
account in this research when developing the training program. The objectives were to 
have a training environment which can provide to the trainee all the elements required 
to learn about the lean enablers but also to protect the ongoing work while being in a 
learning stage.  
Moreover Almeida and Aterido (2011) have mentioned that “on the job training” is an 
approach where for the same concept, the content/details can vary according to the work 
ethic of an organisation – for example within a multinational organisation located in 
many countries, the same skills can be taught using the same approach but the outcomes 
may vary based on the work conditions and on how precisely the concepts are applied 
when completing the work. The VR training program elaborated in this research can be 
used as a tool to support the “on the job training” concept. It offers the trainee the 
possibility of having a concrete example of how to implement the taught skills. The 
issues mentioned by Almeida and Aterido (2011) can be solved, as the proposed method 
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is capable of delivering the same training quality repetitively meaning that trainees 
throughout an entire department of an organisation can gain the same level of training. 
c) Simulated Training Environment (SWE) within Caterpillar 
Caterpillar has developed a “Simulated Working Environment (SWE)” with the 
objective of training a team of workers in order to improve work quality and reduce the 
wastes mentioned in section 2.4. The entire concept of the training stands on lean 
principles by implementing lean enablers such as 5S and Standard Operating Procedure 
(SOP) (Despain et. al., 2003) and (Storey, 2002). 
The “Simulated Working Environment (SWE)” is created by selecting a place within 
the organisation which serves only for training purposes. All elements of the shop floor 
are represented, from the content of the workplace to the varieties of work atmospheres 
that can exist. The training session is composed of several runs, aiming to teach the 
benefits of the lean principles by showing the different outcomes according to how the 
work has been completed. This research has been inspired by the method undertaken in 
Caterpillar and offers an environment which can suit any trainee through having an 
interactive training environment in which knowledge is applied in conjunction with the 
training settings. The application of a VR system permits the research to develop a 
training program which supports learning in a variety of ways such as: 
i) clarifying the purpose of a training session to improve trainees’ understanding of 
the 5S and Standard Operating Procedure (SOP) through allowing the 
customisation of the simulated environment based on the trainee’s professional 
background. Loading the suitable virtual environment sets up the working 
context to which the trainee will be exposed. It can enhance the purpose of 
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implementing the lean enablers and encourages trainees to be alert throughout 
the simulation run by questioning each stage of the work procedure and seeking 
concrete answers (Burkolter et. al, 2010), and 
ii) having the possibility for the assessors/trainers to follow the progression of a 
training session by observing the progression of the performance measures in 
real time. 
Moreover the theoretical learning provided mainly during the induction that precedes a 
training session is combined with the practical experience through the virtual working 
environment and puts the proposed method in a position to deliver a training session 
where trainees can get the possibility of grasping the required knowledge and skills of 
the lean principles (Wan et. al., 2008).  
d) Establishing/designing a training session 
In section 3.6.3, several approaches have been mentioned for establishing/designing a 
training session. According to Neal (2013), a training session which is composed of 
written instructions and demonstration usually results in effective outcomes for trainees. 
In this research, Neal’s (2013) findings have been taking into account by allowing a 
training program where instructions and demonstration (in the sense of practical 
experience) are present throughout a session. As described in section 6.2, but also 
during the development steps of the 5S in section 4.3 and Standard Operating 
Procedure (SOP) in section 5.2, documents such as the storyboard illustrated in figure 
4.2 and the “Standard Work Element Sheet (SWES)” illustrated in appendix 2.2 have 
been used to offer written support for trainees to understand the objective of the lean 
enabler and the desired results before starting a simulation run.  
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Finally, a workplace simulated by a VR system permits trainees to experience the 
problems and the pressure faced by industries while making crucial decisions and takes 
them through all the stages of the work process by providing effective instructions and 
enabling them to learn in a dynamic way through the process of making decisions (Wall 
and Ahmed, 2008).  
6.4 Aspects of the training program developed  
6.4.1 The main elements of a traditional training method implemented in the VR 
training program 
 
Based on the literature review undertaken in section 3.4, table 6.1 lists the elements of a 
training programme considered important in organisations and illustrates their 
implementation within the VR training program. 
Table 6.1: Adapting the VR training program with the main elements coming from the 
traditional training methods used within organisations. 
Aspects of the traditional training 
programmes 
Implementation of the main elements in 
the VR training program 
Providing a theoretical explanation of 
the taught methods, rules and 
principles (Jenkins et al, 2010) and 
(Chauvin et al, 2009).  
The theory of the lean enabler is taught 
through the training session. The induction 
provided by the assessor/trainer before 
running a simulation and the virtual 
environment providing a practical experience 
allow a  trainee to progress in the simulation 
and to interact with the simulated working 
area in order to get the necessary explanation 
of the theoretical aspect of  5S and SOP 
concepts. 
Having a training programme which 
enables the provision of an identical 
quality of training regardless of the 
location (Kobak et al, 2003).  
 
The equipment used in the virtual reality 
(VR) system is composed of three motion 
trackers, one receptor and two computers, 
which makes it a mobile system. The training 
program can be moved into another location 
to meet the trainees and provide the same 
training quality.   
Enabling the assessor to observe and Algorithms have been developed to generate 
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evaluate the performance measures in 
real time to provide feedback to 
trainees at the end of a training 
session (Kobak et al, 2003) 
and display the performance measures in a 
“visualisation interface” with the aim of 
displaying in real time the progression of the 
output results during a simulation run. 
Additionally assessors/trainers can follow the 
simulation run by observing the trainee’s 
behaviour while performing the exercise. 
Being able to evaluate the knowledge 
gained by the trainee via the output 
results  (Rowen et al, 2011) 
The results are generated at each step of the 
training procedure either automatically or 
manually, e.g. sending a request from the 
“visualisation interface” to the VR training 
program to output the results. It gives 
assessors/trainers the option of consulting the 
results at any time during a simulation run. 
Enabling an interactive learning 
platform which combines theoretical 
and practical skills (Jang et al, 2012). 
The interaction within the VR training 
program is done through the VR equipment 
and the implementation of the “decision-
making” tools. It allows users to visualise the 
properties of every modelling element, 




6.4.2 The flexibilities offered by the proposed method to design a training program  
The efficiency of a training programme has been demonstrated by having a working 
environment which suits the professional background of the trainee and which offers a 
way to relate the taught concept in their workplace. The lean principles illustrated in 
section 2.3 have proven the programme’s effectiveness in various domains regardless of 
the activities of an organisation (Saurin and Ferreira, 2009).  
Also the features of the virtual reality (VR) system mentioned in section 3.4.2 offer 
flexibilities such as implementing new modelling elements – parts, work stations or an 
entire working environment. The equipment used is based on three tracking elements 
consisting of capturing the head and hand movement of the trainee during a simulation 
run, and one receptor which collects the data motion for the VR system. The 
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composition of the equipment used for the virtual reality (VR) system also makes the 
training program physically flexible by having modules which can be portable without 
major settings such as the training environment created within Perkins (simulated 
working environment) aiming to train a team of workers on the concept of lean.    
As defined in section 4.2 for the 5S lean enabler and section 5.2 for the Standard 
Operating Procedure (SOP), the training program requires the modelled work 
environment, which is composed of 3D modelling elements imported from a CAD 
model, to be loaded into the system. This procedure of setting up the simulation run 
allows the trainer to load any CAD model which will suit the scenario of the training 
session as well as the working atmosphere. 
The research involved several experiments examining different ways of performing the 
training exercises. Those ways have been defined in section 4.2, for the 5S and section 
5.2 for the SOP, which combine different input parameters. The learning aspect comes 
mainly by allowing a trainee the possibility of analysing each situation and taking 
initiative based on the understanding of the implemented lean enabler. Through the total 
immersion of the trainee in the VR system and with the implementation of the 
“decision-making” tools, a constant thinking process is involved at each step of the 
training exercise. This technique of training allows theoretical knowledge to be 
combined with practical use. 
Table 5.5 in section 5.2 displayed the results of the performance measures coming from 
the SOP training program. The outcome described an improvement of “people”, 
“quality” and “velocity”. The analysis of the experiments demonstrated that when a 
trainee follows the description of the standard work described in the Standard Work 
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Element Sheet (SWES) in appendix 2.2 and undertake the appropriate decisions and 
working methodology during the simulation run; the outcomes tend to get closer to the 
reference results, which symbolise the ideal performance measures. 
The other important aspect of an effective training simulation program is the ability to 
provide all the necessary data in order to allow the assessor to analyse the simulation 
run and to provide constructive feedback to the trainee (Reinders et al, 2008).  In this 
research, the results are provided to the trainers/assessors in several forms, such as: 
 Collecting the performance measures at the end of each simulation run,  
 displaying the results in real time while the trainee is performing in the VR 
training program, and 
 Enabling the trainers/assessors to observe the trainee in the simulated work 
environment. 
6.4.3 Development of the results display system  
The results display system developed within the training simulation program permits the 
assessor to observe the progression of the trainee during the simulation run and analyse 
their skills in order to provide constructive feedback at the end of the session.      
Two types of display have been implemented within the VR training program; they aim 
to assist the trainee during the simulation run in terms of necessary information such as 
visualising the properties of the modelling elements or the task duration.   
In parallel with that another display has been developed which helps the assessor to 
observe the trainee’s progression by displaying the performance measures in real time.   
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6.5 Discussion of results 
The objective of the experiments undertaken in sections 4.3 and 5.2 was to evaluate the 
benefits of using the “decision-making” tools at each stage of the simulation run. The 
learning improvements brought about through the training program are demonstrated by 
analysing the results collected from the 5S and Standard Operation Procedure (SOP) 
simulation. 
6.5.1 Results obtained on the 5S training program 
a) “% blocking”, “%waiting” and “%working”. 
The results collected for “%blocking”, “%waiting” and “%working” during the 
simulation runs demonstrate to a trainee the importance of the 5S procedure in 
restructuring a workplace and making it efficient. The “decision-making” tools 
developed guide a trainee through a training session to implement the principles of the 
lean enabler and obtain high performance measures in a workplace – it makes the 
understanding and the learning of the principles more effective by indicating the 
benefits of applying the 5S concept. Additionally the results display system developed 
make the analysis and the performance of actions easy in the virtual world, and workers 
as well as managers can develop the ability to understand the working structure and 
therefore organise the workplace using the 5S concept in order to reduce the “% 






b) “skills level”. 
 
Producing quality work requires personnel to have the skills and knowledge of 
performing the job (Suer and Tummaluri, 2008) and also a working environment where 
the layout will be an advantage to improve quality (Inman et. al., 2003). The proposed 
method can identify the decisions made through trainee’s actions in organising the 
simulated workplace and therefore determine the level of understand in applying 5S. 
The outcomes in section 4.4 demonstrate an improvement of the “% level of skill” in 
the last experiment when the trainee uses the “decision-making” tools throughout the 
simulation run. It allows consulting each element that composes the workplace and then 
the trainee can decide whether or not it is relevant for the workplace. Using the 
“decision-making” tools force to observe and to analyse each set of the 5S, taking the 
appropriate decisions in order to reduce the wastes mentioned in section 2.4 and 
ultimately improve the understanding in 5S.    
6.5.2 Results obtained on the Standard Operating Procedure (SOP) training program 
As stated in section 5.2, step 10, the input parameters representing “health and safety”, 
“hand motion”, “work sequence” and “tool handling” symbolise the decisions made 
during the simulation runs, and consequently outputs have been collected as illustrated 
in table 5.5. The aim is to demonstrate the effects of the input parameters with regards 
to the performance measures during the SOP simulation runs. 
a) People 
The sets of results collected in section 5.2 demonstrate the influence of the standard 
work described in the “Standard Work Element Sheet (SWES)” illustrated in appendix 
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2.2 regarding the output for “people”. The training program can detect whether 
procedures related to “health and safety” have been implemented and generates the 
outcomes. It is elementary in a Standard Operating Procedure (SOP) that staff 
members have the awareness of “health and Safety” when implementing the concept. 
The virtual reality training program simulates this aspect and provides results reflecting 
the actions/decisions undertaken by a trainee. The observed results demonstrate that 
when the important aspects of “health and safety” are taken into account then a higher 
percentage of “people” is collected – it reflects the understanding of a trainee in the 
importance of health and safety elements and how to use them.  
b) Quality 
In the virtual reality (VR) training program, the output results for “quality” are linked 
with the “work sequence” and the “hand movement” performed during the production 
of an item as defined in section 5.2, step 7. Capturing data such as the hand movement 
realised by the trainee in a real world training environment can be challenging for the 
assessor. In this research the accuracy offered by the VR system allows for the 
development of an algorithm which enables the capturing of the hand motion at any 
time and with accuracy. Therefore the output results are derived according to the 
capture made by the system and allow the assessor to base the analysis on the training 
session. Being able to visualise the output at each stage and linking the effects of the 
results with what has been done during the simulation process can benefit the trainee 
tremendously. The percentage of “quality” improves as the trainee implements the 





The aim of improving the output for “people” and “quality” also affects the time taken 
to complete a job and consequently improves “velocity”. Indeed, following the 
procedure described by the SOP considerably reduces wastes in the production line and 
the trainee/user can observe the benefits of using the “decision-making” tools while 
manipulating the virtual object. Focus can be directed towards the assembly process, 
and on following the method described by the SOP as opposed to figuring out how to 
manipulate the virtual object and getting confused with the body movement in the VR 
system.     
6.6 Limitations of the training program 
A virtual reality (VR) system remains complex, especially in exploring the virtual 
environment using the VR equipment, for example the motion capture system. It is not 
obvious for every user and something trivial can become challenging – for example 
navigating in the virtual environment or manipulating 3D objects (Marcincin and 
Fecova, 2010).  This can distract a trainee who can lose track of the initial objective and 
instead focus on manipulating an object in VR system. This research has looked at this 
aspect and enabled pre-set actions within the “decision-making” tools. As done in some 
video games, accessing the pre-set actions in a menu can be intuitive and keeps trainee 
focused in order to progress through the simulation run (Nijholt et. al., 2010).       
Additionally the other limitation noticed in this research is at the physical level. The 
equipment that the VR system is composed of offers a certain degree of freedom to the 
trainee in order to perform movements which are captured by the system and converted 
into coordinates in the virtual environment. Nevertheless, the motion capture system 
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selected in this research (a magnetic motion capture system, composed of three trackers 
and one receptor) has some limitation in terms of movement and manipulating 3D 
objects during a simulation run. Not having a haptic device system (consisting of 
sending a force feedback to the users which will enable a trainee to feel the virtual 
object) makes the interaction with 3D modelling challenging and involves building 
mechanisms within the VR system to overcome this aspect. 
Finally when it comes to design a new work environment, implementing a new training 
environment by using 3D CAD models would require the reformatting of the model so 
it can suit the structure presented in section 4.3 and section 5.2. The design of the VR 
system can only follow standard structures listed in table 5.3 in order to implement a 3D 












Chapter 7: Conclusion 
Training plays a major role in improving work within organisations by ensuring that the 
appropriate level of knowledge and skills are shared among personnel. It enables 
members of staff to gain the elementary abilities to perform jobs based on the work 
processes established to improve productivity. 
This research has contributed to the existing training programmes used within 
organisations and has covered some of the problems faced. It provides a novel platform 
which combines a flexible environment to suit a trainee’s needs in order to improve the 
teaching aspect, a practical experience and a results display system aiming to allow 
observation of the trainee’s performance. Literature reviews were carried out about lean 
enablers and methods of training, and the implementation of a simulation program using 
a virtual reality (VR) system has been done by proposing a method which can improve 
the teaching: 
a) The implementations of the 5S and Standard Operating Procedure (SOP) as 
well as the training methods used in organisations have been defined in chapter 
two and chapter three,  
b) The development of the simulated work environment under VR system for 5S 
and Standard Operating Procedure (SOP) was mentioned in chapter four and 
chapter five, providing the structure established to design the modelling 
elements, integrate of the “decision-making” tools and develop the results 
display system.  
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c) The analysis of the outcomes was done in chapter six demonstrating the benefits 
of the developed method in guiding and supporting the trainee throughout 
sessions as well as enabling the implementation of the taught work methods.  
Virtual reality (VR) is a system which is constantly under development and 
consequently further work can always be done in improving this type of training 
program. However, in comparison with existing methods of training, the method 
proposed in this research is flexible in that it can simulate complex working 
environments and be used to set up a training session personalised for the individual. 
















Chapter 8: Recommendations for Future Work 
This research has proposed an approach consisting of adopting the lean training in a 
virtual environment with the aim of utilising the benefits of the virtual reality (VR) 
system in order to enhance the efficiency of a training session. The steps of the research 
have been elaborated in sections 4.3 and 5.2, for implementing 5S and Standard 
Operating Procedure (SOP) as well as their respective results collected after running 
the experiments. The contribution of this thesis has been discussed in chapter six and 
can be considered as a basis for further improvement such as:  
a) Establishing a method which can analyse the results of a training session and 
therefore propose an efficient work layout and working method in order to 
further improve productivity, 
b) implementing a training program which can include more than one trainee at 
time in order to set up a simulated working environment for teamwork, 
c) being able to implement other lean enablers using the same method developed in 
this research. 
d) providing a pre –training session which can introduce all the features of the VR 
system e.g.  how to use the controller and where to visualise the data 
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Appendix 1 – 5S training program. 





5 or more 0 




  Score 
Category Items   1 2 3 
Sort 
Distinguish between what is needed and not needed 
  
Unneeded equipment, tools, furniture, etc.  0 2 4 
      
Unneeded items are on walls, bulletin boards, etc. 0 4 4 
      
Items that are present in aisle ways, stairways, 
corners, etc.. 
0 2 3 
      
Red tag the unneeded inventory, supplies, parts, or 
materials are present 
0 2 4 
      
Safety hazards (water, oil, chemicals, machines) exist 0 1 4 
      
Simplify 
A place for everything and everything in place  
  
Correct places for items are obvious  1 3 4 
N/A N/A N/A 
Are things put away after use?       
      
Aisle ways, workstations, equipment locations are not 
indicated 
0 3 4 
      
Items are not put away immediately after use N/A N/A N/A 
      
Height and quality limits are not obvious  N/A N/A N/A 
      
Sweep  
Cleaning and booking for ways to keep it clean and 
organised    
Floors, walls, stairs and surfaces are not free of dirt, 
oil and grease 
0 4 4 
      
Equipment is kept clean and free of dirt, oil and 
grease 
0 4 4 
      
Cleaning materials are easily accessible  0 4 4 
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Lines, labels, signs, etc. are dirty and/or broken N/A N/A N/A 
      
Other cleaning problems (of any kind) are present N/A N/A N/A 
      
Standardize 
Maintain and monitor the first three categories 
  
Necessary information is available 0 3 4 
      
Not all standards are known or clearly visible 0 2 4 
      
Checklists do not exist for all cleaning and 
maintenance jobs 
N/A N/A N/A 
      
Not all quantities and limits are easily recognizable N/A N/A N/A 
      
How many items cannot be located in 30 seconds? 0 2 4 
      
Sustain 
Stick to the rules 
  
How many workers have not had 5S training?  N/A N/A N/A 
      
Are personal belongings put away?  N/A N/A N/A 
      
How many times are personal belongings not neatly 
stored? 
N/A N/A N/A 
      
Number of times job aids are not available or up to 
date. 
N/A N/A N/A 
      
Number of times that daily 5S inspections were 
carried out last week. 
N/A N/A N/A 
      
 





Select a modelling element
Is the model a container type 
object
Is the model a tool type object
Is the model a component type 
object
Implement the rules for “buffer 
type” object
Implement the rules for “tool type” 
object



















Set the “part type” object to 
be associated with “move” 
motion
Is the “snapping box” of the 
component in contact with another 
“snapping box” of another object ?
Is the “snapping box” of the selected 
component matching the “snapping 
box” of another object?
Place the selected component 
according to the coordinate given by 














Is the “position box” of the “tool type” object in 
contact with the “position box” of another 
object ?
Is the “position box” of the “tool type” object 
match the “position box” of the another object” 
?
Is the “Tool type” object 
selected by the hand ?
End
Set the “Tool type” 
object to be 
associated with 
“move” motion
Is the “action button” of the selected 
hand tracker pressed ?















Is the “buffer type” object 
associated with “move” 
motion
Is the “buffer type”  
object associated with 
“slide” motion 
Set the “buffer type”  object to 
move according to the hand motion
Is there any “part type” or “tool type” 
object in the bounding box of “buffer 
type”  ?
Set the “tool type” or “part type” object to be part of 
the “buffer type”  object









Set the “buffer type”  object to slide 









Appendix 1.6: Results of the 5S collected during the first simulation run. 
 
 
Sort: At the beginning of the simulation; investigating the working area   
 
 
Date/Time 06/11/2011 14:06 
Simulation Time (mins) 0.1466174 
% Blocking 45.2 
% Waiting 38.6 
% Working  16.2 
% Skills level 15 
Sort: red tag the unnecessary items in the working area 
Date/Time 06/11/2011 14:06 
Simulation Time (mins) 2.2700504 
% Blocking 44.3 
% Waiting 33.4 
% Working  22.3 
% Skills level 17.9 
Sort: setting of the shadow board for tools  
Date/Time 06/11/2011 14:08 
Simulation Time (mins) 4.6695334 
% Blocking 38.3 
% Waiting 29.4 
% Working  32.3 
% Skills level 18.3 
Simplifying: reorganisation of the working are with the objective of reducing 
the excessive motion 
Date/Time 06/11/2011 14:12 
Simulation Time (mins) 8.5161504 
% Blocking 35.7 
% Waiting 25.7 





















% Skills level 23.6 
Simplifying: setting recycling bins 
Date/Time 06/11/2011 14:20 
Simulation Time (mins) 10.460683 
% Blocking 33.6 
% Waiting 27.6 
% Working  38.8 
% Skills level 35.4 
Sweep: Cleaning the all floor with the use of the right decision making 
Date/Time 06/11/2011 16:30 
Simulation Time (mins) 11.7112004 
% Blocking 30.6 
% Waiting 26.7 
% Working  42.7 
% Skills level 40.5 
Standardisation stage; marking the floor in order to ensure the free path to 
the staff member 
Date/Time 06/11/2011 16:41 
Simulation Time (mins) 12.9205674 
% Blocking 28.9 
% Waiting 25.3 
% Working  45.8 
% Skills level 41.3 
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Appendix 1.7: Results of the 5S collected during the second simulation run. 
 
 
Sort: At the beginning of the simulation; investigating the working area   
 
 
Date/Time 06/11/2011 14:06 
Simulation Time (mins) 0.1466174 
% Blocking 35.4 
% Waiting 34.2 
% Working  30.4 
% Skills level 17.9 
Sort: red tag the unnecessary items in the working area 
Date/Time 06/11/2011 14:06 
Simulation Time (mins) 2.2700504 
% Blocking 33.4 
% Waiting 27.5 
% Working  39.1 
% Skills level 23.4 
Sort: setting of the shadow board for tools  
Date/Time 06/11/2011 14:08 
Simulation Time (mins) 4.6695334 
% Blocking 32.4 
% Waiting 26.4 
% Working  41.2 
% Skills level 26.3 
Simplifying: reorganisation of the working area is with the objective of 
reducing the excessive motion 
Date/Time 06/11/2011 14:12 
Simulation Time (mins) 8.5161504 
% Blocking 30.4 
% Waiting 26.4 









% Skills level 48.6 
Simplifying: setting recycling bins 
Date/Time 06/11/2011 14:20 
Simulation Time (mins) 10.460683 
% Blocking 25.6 
% Waiting 23.4 
% Working  51 
% Skills level 63.4 
Sweep: Cleaning the all floor with the use of the right decision making 
Date/Time 06/11/2011 16:30 
Simulation Time (mins) 11.7112004 
% Blocking 23.4 
% Waiting 16.7 
% Working  59.9 
% Skills level 75.4 
Standardisation stage; marking the floor in order to ensure the free path to 
the staff member 
Date/Time 06/11/2011 16:41 
Simulation Time (mins) 12.9205674 
% Blocking 18.6 
% Waiting 16.4 
% Working  65 
% Skills level 75.6 
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Appendix 1.8: Results of the 5S collected during the third simulation run. 
 
 
Sort: At the beginning of the simulation; investigating the working area   
 
 
Date/Time 08/11/2011 10:20 
Simulation Time (mins) 0.1466174 
% Blocking 30.6 
% Waiting 29.2 
% Working  40.2 
% Skills level 26.4 
Sort: red tag the unnecessary items in the working area 
Date/Time 08/11/2011 10:20 
Simulation Time (mins) 2.2700504 
% Blocking 27.6 
% Waiting 25.7 
% Working  46.7 
% Skills level 27.5 
Sort: setting of the shadow board for tools 
Date/Time 08/11/2011 10:22 
Simulation Time (mins) 4.6695334 
% Blocking 25.12 
% Waiting 23.6 
% Working  51.28 
% Skills level 36.4 
Simplifying: reorganisation of the working area is with the objective of 
reducing the excessive motion 
Date/Time 08/11/2011 10:26 
Simulation Time (mins) 8.5161504 
% Blocking 21.3 
% Waiting 15.6 
% Working  63.1 
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% Skills level 56.7 
Simplifying: setting recycling bins 
Date/Time 08/11/2011 10:34 
Simulation Time (mins) 10.460683 
% Blocking 13.6 
% Waiting 7.36 
% Working  79.04 
% Skills level 63.4 
Sweep: Cleaning the all floor with the use of the right decision making 
Date/Time 08/11/2011 16:44 
Simulation Time (mins) 11.7112004 
% Blocking 15.3 
% Waiting 5.6 
% Working  79.1 
% Skills level 75.4 
Standardisation stage; marking the floor in order to ensure the free path to the 
staff member 
Date/Time 08/11/2011 16:55 
Simulation Time (mins) 12.9205674 
% Blocking 3.6 
% Waiting 1.4 
% Working  95 










Appendix 1.9: Simulation runs of the 5S training program within the virtual reality 
system. 
Sorting 
Analysing the workstation Red tagging the unused items 
  
Simplifying 
Use of a shadow board for tools Organising the layout 
  
Sweeping 
Using the recycling bins Cleaning each part of the workstation 
 
 
   
 
Standardising 

























Appendix 2 – Standard Operating Procedure training program. 
 
Start
If the character is 
equal to “$” ? 
Save the array 
number in to 
variable “a”  
Receive data bit 
by bit and save 
them in a array 
If the character is 
equal to “{” ? 
Save the array 
number in to 
variable “b”  
If the character is 
equal to “}” ? 
Save the array 
number in to 
variable “c”  
Counter 1: start 
from a+1.  
Copy: the bit one 
by one in other 
array called 
xvalue[] 
Is counter 1 is equal 
to b-1?
Counter 2: start 
from b+1.  
Copy: the bit one 
by one in other 
array called 
yvalue[] 
Is counter 2 is equal 
to c-1?
Counter 3: start 
from c+1.  
Copy: the bit one 
by one in other 
array called 
zvalue[] 
Is counter 3 is equal to 
total size of the data?
Stop
Return the three 



















Appendix 2.2: Standard work elementary sheet for SOP training programme within the 























2 People (%) 0
Quality (%) 9.8
Velocity (%) 6.542
1 People (%) 0
Quality (%) 13.64
Velocity (%) 20
4 People (%) 0
Quality (%) 13.134
Velocity (%) 5.3
3 People (%) 0
Quality (%) 16.7
Velocity (%) 34
5 People (%) 0
Quality (%) 14.34
Velocity (%) 20
6 People (%) 0
Quality (%) 12.6
Velocity (%) 53
End of Simulation Processing time (min) 32.42
Sequence Attributes Value
2 People (%) 11.5
Quality (%) 17.3
Velocity (%) 21.56
1 People (%) 7.6
Quality (%) 13.6
Velocity (%) 16.18
4 People (%) 40.3
Quality (%) 15.6
Velocity (%) 34.56
3 People (%) 16.67
Quality (%) 11.16
Velocity (%) 9.7
5 People (%) 45.6
Quality (%) 25.7
Velocity (%) 12.5
6 People (%) 37.06
Quality (%) 21.31
Velocity (%) 36.7
End of Simulation Processing time (min) 29.354
Sequence Attributes Value
1 People (%) 0
Quality (%) 34.1
Velocity (%) 17.5
2 People (%) 0
Quality (%) 25.65
Velocity (%) 16.18
3 People (%) 0
Quality (%) 24.6
Velocity (%) 9.1
4 People (%) 0
Quality (%) 37.1
Velocity (%) 11.7
5 People (%) 0
Quality (%) 26.7
Velocity (%) 34.1
6 People (%) 0
Quality (%) 24.78
Velocity (%) 64.7
End of Simulation Processing time (min) 28.46
Sequence Attributes Value
1 People (%) 24.5
Quality (%) 65.1
Velocity (%) 22.5
2 People (%) 36.5
Quality (%) 34.36
Velocity (%) 40.17
3 People (%) 37.5
Quality (%) 27.15
Velocity (%) 38.75
4 People (%) 38.6
Quality (%) 37.1
Velocity (%) 50.01
5 People (%) 47.6
Quality (%) 36.17
Velocity (%) 47.01
6 People (%) 47.6
Quality (%) 36.17
Velocity (%) 60.2
End of Simulation Processing time (min) 26.46
 













1 People (%) 0
Quality (%) 35.4
Velocity (%) 6.25
2 People (%) 0
Quality (%) 47.125
Velocity (%) 20.35
3 People (%) 0
Quality (%) 38.548
Velocity (%) 7.56
4 People (%) 0
Quality (%) 51.34
Velocity (%) 19.18
5 People (%) 0
Quality (%) 18.76
Velocity (%) 20.1
6 People (%) 0
Quality (%) 25.1
Velocity (%) 28.15
End of Simulation Processing time (min) 30.13
Sequence Attributes Value
1 People (%) 38.5
Quality (%) 35.1
Velocity (%) 37.1




3 People (%) 21.25
Quality (%) 35.4
Velocity (%) 21.73
4 People (%) 31.4
Quality (%) 50.34
Velocity (%) 42.14
5 People (%) 25.1
Quality (%) 16.7
Velocity (%) 38.71
6 People (%) 37.25
Quality (%) 41.9
Velocity (%) 44.71
End of Simulation Processing time (min) 25.1634
Sequence Attributes Value
1 People (%) 0
Quality (%) 67
Velocity (%) 50.45
2 People (%) 0
Quality (%) 63.625
Velocity (%) 55.31
3 People (%) 0
Quality (%) 73.51
Velocity (%) 39.51
4 People (%) 0
Quality (%) 67
Velocity (%) 65.15
5 People (%) 0
Quality (%) 87.51
Velocity (%) 55.1
6 People (%) 0
Quality (%) 93.56
Velocity (%) 84.16
End of Simulation Processing time (min) 24.1634
Sequence Attributes Value
1 People (%) 13.5
Quality (%) 67
Velocity (%) 50.45
2 People (%) 26.45
Quality (%) 63.625
Velocity (%) 65.31
3 People (%) 44.51
Quality (%) 73.51
Velocity (%) 39.51
4 People (%) 68.73
Quality (%) 67
Velocity (%) 75.15
5 People (%) 41.51
Quality (%) 87.51
Velocity (%) 85.1
6 People (%) 44.8
Quality (%) 93.56
Velocity (%) 84.16
End of Simulation Processing time (min) 16.49














2 People (%) 52.5
Quality (%) 28
Velocity (%) 36.68
1 People (%) 43.124
Quality (%) 37.5
Velocity (%) 26.4
3 People (%) 54.3
Quality (%) 56.625
Velocity (%) 16.625
5 People (%) 61.236
Quality (%) 13
Velocity (%) 27
6 People (%) 73.165
Quality (%) 19
Velocity (%) 37
End of Simulation Processing time (min) 28.42
Sequence Attributes Value
2 People (%) 83.5
Quality (%) 25.1
Velocity (%) 21.54
1 People (%) 79.6
Quality (%) 19.6
Velocity (%) 19.8
3 People (%) 82.51
Quality (%) 16.7
Velocity (%) 28.9
4 People (%) 78.73
Quality (%) 32.6
Velocity (%) 15.7
5 People (%) 81.51
Quality (%) 34.9
Velocity (%) 34.9
6 People (%) 94.8
Quality (%) 44.7
Velocity (%) 44.7
End of Simulation Processing time (min) 25.12
Sequence Attributes Value
1 People (%) 53.5
Quality (%) 34.2
Velocity (%) 17.5
2 People (%) 37.6
Quality (%) 33.9
Velocity (%) 19.8
3 People (%) 47.36
Quality (%) 29.87
Velocity (%) 16.78
4 People (%) 48.73
Quality (%) 29.7
Velocity (%) 15.7
5 People (%) 58.4
Quality (%) 40.9
Velocity (%) 34.9
6 People (%) 62.5
Quality (%) 44.7
Velocity (%) 44.7
End of Simulation Processing time (min) 23.46
Sequence Attributes Value
1 People (%) 83.4
Quality (%) 67.9
Velocity (%) 56.7
2 People (%) 89.67
Quality (%) 49.64
Velocity (%) 59.7
3 People (%) 93.4
Quality (%) 52.34
Velocity (%) 65.2
4 People (%) 84.6
Quality (%) 34.1
Velocity (%) 48.76
5 People (%) 91.6
Quality (%) 43.1
Velocity (%) 50.19
6 People (%) 84.6
Quality (%) 49.5
Velocity (%) 66.3
End of Simulation Processing time (min) 17.46
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1 People (%) 79.25
Quality (%) 59.5
Velocity (%) 73
2 People (%) 77.9
Quality (%) 41.6
Velocity (%) 69.7
3 People (%) 89.4
Quality (%) 59.6
Velocity (%) 66.97
4 People (%) 95.9
Quality (%) 67.79
Velocity (%) 50.97
5 People (%) 91.6
Quality (%) 56.4
Velocity (%) 60.16
6 People (%) 89.41
Quality (%) 41.97
Velocity (%) 71.24
End of Simulation Processing time (min) 17.346
Sequence Attributes Value
1 People (%) 61.5
Quality (%) 47.9
Velocity (%) 36.7
2 People (%) 53.2
Quality (%) 49.64
Velocity (%) 29.7
3 People (%) 48.4
Quality (%) 35.34
Velocity (%) 41.2
4 People (%) 62.14
Quality (%) 58.6
Velocity (%) 38.76
5 People (%) 63.98
Quality (%) 53.1
Velocity (%) 50.19
6 People (%) 69.3
Quality (%) 47.5
Velocity (%) 65.36
End of Simulation Processing time (min) 23.59
Sequence Attributes Value
1 People (%) 65.3
Quality (%) 67
Velocity (%) 76.31
2 People (%) 55.7
Quality (%) 69.8
Velocity (%) 59.7
3 People (%) 61.2
Quality (%) 86.46
Velocity (%) 63.4
4 People (%) 49.8
Quality (%) 63.7
Velocity (%) 67.98
5 People (%) 59.6
Quality (%) 73.64
Velocity (%) 69.4
6 People (%) 65.5
Quality (%) 67
Velocity (%) 64.3
End of Simulation Processing time (min) 16.12349
Sequence Attributes Value
1 People (%) 92.5
Quality (%) 87
Velocity (%) 86.4
2 People (%) 93.124
Quality (%) 89.625
Velocity (%) 64.3
3 People (%) 94.3
Quality (%) 83.5
Velocity (%) 83.4
4 People (%) 93.236
Quality (%) 73.4
Velocity (%) 76.3
5 People (%) 93.6
Quality (%) 89.7
Velocity (%) 84.6
6 People (%) 91.6
Quality (%) 89.3
Velocity (%) 83.6
End of Simulation Processing time (min) 15.324
 














Appendix 2.19: Analysis of data coming from the SOP training program. 
void retrive(string Input, double precision, double Seclevel)//to add int index 
{ 
  static int No_lines=0, Tool_No_lines=0; 
  string Reading; 
  static string prevarea; 
  string currentarea; 
  static string *indexarray, *Toolindexarray; 
  char * value; 
  string value1; 
  bool fileOK,Tooluseswitch=false; 
  static string Toolusedmemo; 
  
  
  char *areaptr =(char*)malloc(sizeof(char) * (Input.length() + 1)); 
  strcpy(areaptr,Input.c_str()); 
 
 ///****************************test sequence  
*************************/ 
 
  SequenceDetection(areaptr); 
  Input1 =strtok(areaptr,"$"); 
  stringstream s1,s2,s3; 
  string areastring,Compstring,Toolstring; 
  s1<< Input1; 
  s1>> areastring; 
  areastring = areastring + ".txt"; 




  if ( areastring!= prevarea) 
     { 
      frmfile.open(areastring); 
      if (frmfile.is_open()) 
   {   
    while (frmfile.is_open()) 
          { 
     while (!frmfile.eof()) 
     { 
      getline(frmfile,Reading); 
      No_lines++; 
                        if (Reading.find_first_not_of ("Tool") == string::npos)   
                          Tool_No_lines++; 
      }  
     frmfile.close(); 




     frmfile.open(areastring); 
     if (frmfile.is_open()) 
        { 
         for (int i=0; i<No_lines;i++) 
       { 
        getline(frmfile,Reading); 
        indexarray[i]= Reading; 
             } 
         frmfile.close(); 
      } 
      } 
  prevarea= areastring; 
 } 
  decode (Input,false);   
  for (int m=0; m<No_lines;m++) 
      {   
       char *valuecheck =(char*)malloc(sizeof(char) * (indexarray[m].length() + 
1)); 
       strcpy(valuecheck,indexarray[m].c_str()); 
 if (toolcomp==true) value= component2; 
 else value= component1; 
       s2<< value; 
 s2>> value1; 
 size_t found; 
 string namecomponent=indexarray[m];  
 found =namecomponent.find(value1); 
  if (found!=string::npos) 
     { 
      cout<<"Found"<<endl; 
      decode (indexarray[m],true);//parameter to the function 
      menutoolDetection(indexarray[m], true); 
      toolmenuActive=menutoolDetection(Input, false); 
      if (toolmenuActive== true) break; 
     } 




  if (toolcomp==true) 
     {  if ((currentfingerx-1<=refindex[0]) && (refindex[0]<=currentfingerx+1)        
        && (currentfingery-1<=refindex[1]) && (refindex[1]<=currentfingery+1)  
        && (currentfingerz-1<=refindex[2]) && (refindex[2]<=currentfingerz+1)) 
     { 
            ToolPosition=1; 
            return; 
           } 
        else if ((currentfingerx-2<=refindex[0]) &&     




                (currentfingery-2<=refindex[1]) &&  
                (refindex[1]<=currentfingery+2) &&   
                (currentfingerz-2<=refindex[2]) &&   
                (refindex[2]<=currentfingerz+2)) 
         { 
                 ToolPosition=2; 
                 return; 
               } 
        else  return; 
      } 
  else  OrderOfAssembly= comindex-comfileindex;   
 





Appendix 2.20: Function of decoding data coming from the virtual reality system. 
void decodedata () 
{ stringstream ss; 
  string chkstring; 
  ss << chk; 
  ss >> chkstring; 
 
  string directoryPath= ReferencePathCapture+"\\"; 
  string name_ext =directoryPath +chkstring+".txt";            
  chk2 =(char*)malloc(sizeof(char) * (name_ext.length() + 1));         
  ptr1=strtok (NULL, "$"); 
  strcpy(chk2,name_ext.c_str()); 
  if (toggle==false) 
     { 
       outfile.open(chk2);        
       outfile << ptr1<<endl;   
       outfile.close(); 
     } 
   if (toggle==true) 
      {        
 outfile.open(chk2,ios::app);    
 outfile << ptr1<<endl;       
       } 
    outfile.close(); 






Appendix 2.21: Function of detection the sequence of assembly within the SOP training      
program. 
void SequenceDetection(char *genArea) 
{  int sizOfcomponent= strlen (genArea); 
   int indicatorPourcent, indicatorAndSigne, indicatorMinusSigne; 
   char *CurrentCom= new char [sizOfcomponent]; 
   char *CurrentComSelected= new char [sizOfcomponent]; 
   static int numberofSequence=0; 
   string line; 
   static string * SequenceMemory; 
   static string memorysameseq; 
   string cheminDeSauvegarde=Refpath+"\\"; 
   string cheminSaver=cheminDeSauvegarde+"Sequence.txt"; 
    
   bool stopper= false; 
   bool tooldetec= false; 
   int indAndMinus=0, indiceCom=0; 
   int areaIndex, NewIndex=0; 
   for (int e=0; e<sizOfcomponent; e++) if (genArea[e]== '%') stopper =true; 
           
    
   if (stopper == false) return;     
   for (int e=0; e<sizOfcomponent; e++) if (genArea[e]== '$')areaIndex=e; 
   for (int e=areaIndex+1; e<sizOfcomponent; e++)  
       {  
         CurrentCom[NewIndex]=genArea[e]; 
         NewIndex++; 
       } 
   CurrentCom[NewIndex]='\0'; 
    
   if (sequenceSwitch==0) 
     {  
       sequenceSwitch++; 
 ifstream myfile (cheminSaver); 
 if (myfile.is_open()) 
    {  
           while ( myfile.good() ) 
     { 
                  getline (myfile,line); 
      numberofSequence++;  
      }      
     } 
   myfile.close(); 
   SequenceMemory= new string[numberofSequence]; 
   myfile.open(cheminSaver); 
   if (myfile.is_open()) 




             for (int i=0; i<numberofSequence; i++) 
     { 
                  getline (myfile,line); 
      SequenceMemory[i]=line; 
      } 
       } 
    myfile.close(); 
        } 
   
 for  (int i=0;i<strlen(CurrentCom);i++)  
      {   
       if (CurrentCom[i]== '%') 
    { 
            indicatorPourcent=i; 
            break; 
           } 
        }  
  for (int i=0;i<strlen(CurrentCom);i++)   
      {  
       if(CurrentCom[i]=='&')  
   { 
          indicatorAndSigne=i; 
          indAndMinus=1; 
          break; 
          } 
       else indAndMinus=2;   
       } 
   switch (indAndMinus) 
         { 
          case 1:   for (int i=indicatorPourcent+1; i<indicatorAndSigne; i++) 
                 {   
                        CurrentComSelected[indiceCom]= CurrentCom[i];  
      indiceCom++; 
     } 
         break; 
     case 2:  for (int i=indicatorPourcent+1; i<strlen(CurrentCom); i++) 
     { 
                        CurrentComSelected[indiceCom]= CurrentCom[i]; 
            indiceCom++; 
      } 
    break; 
          } 
  CurrentComSelected[indiceCom]='\0';   
  stringstream convert; 
  string strCom; 
  convert << CurrentComSelected; 
  convert >> strCom; 




      {int q; 
 char* charSequence=(char*)malloc(sizeof(char) * 
(SequenceMemory[m].length() + 1)); 
       strcpy(charSequence,SequenceMemory[m].c_str()); 
     for (int i=0; i<strlen(charSequence);i++) if (charSequence[i]=='&')  q=i;     
   string strsequence= SequenceMemory[m].substr(0,q); 
   stringstream conv; 
   conv<< charSequence; 
   conv>>strsequence; 
   if (strCom== strsequence)  
      {  
       if (memorysameseq!=strCom) 
          {   
           SeqNumber= m; 
     memorysameseq=strCom; 
     SequenceMemory[m]='\0'; 
     return; 
    } 
       }  




















Appendix 2.22: Tool detection function within the SOP training program. 
bool menutoolDetection(string info, bool Memory) 
{   int preindex=0,secindex=0, index=0; 
    char * actionMenuCurrent; 
    string transition; 
    static string Memoir; 
 
    char *currentdata =(char*)malloc(sizeof(char) * (info.length() + 1)); 
    strcpy(currentdata,info.c_str()); 
    int taille=strlen(currentdata); 
 
        
    for (int i=0; i<strlen(currentdata); i++) 
  {  
         if (currentdata[i]=='(') preindex=i; 
   else if (currentdata[i]==')') secindex=i; 
  } 
    actionMenuCurrent= new char[secindex-preindex]; 
 
    for (int i=preindex+1; i<secindex; i++) 
        { 
         actionMenuCurrent[index]=currentdata[i]; 
         index++; 
        } 
   
    actionMenuCurrent[index]='\0'; 
    stringstream ss; 
    ss<<actionMenuCurrent; 
    ss>>transition; 
    if (Memory== true)  
 { 
        Memoir= transition; 
        return 0; 
       } 
    else if (transition== Memoir) return true; 











Appendix 2.23: Connection with the virtual reality training program.  
DWORD WINAPI  SendrequestSOP(void * number2) 
{ int count=0; 
  SOCKET listenSocket, connectSocket, i; 
  static unsigned short int listenPort; 
  int clientAddressLength;                       
  struct sockaddr_in clientAddress, serverAddress; 
  char line[LINE_ARRAY_SIZE]; 
  static bool synchroConnect= false;                    
 if(synchroConnect== false) 
 {  listenPort = 30; 
    WSADATA wsaData; 
    int wsaret=WSAStartup(0x101,&wsaData); 
  // Create socket for listening for client connection requests. 
    listenSocket = socket(AF_INET, SOCK_STREAM, 0); 
    if (listenSocket == INVALID_SOCKET)  
       {cerr << "cannot create listen socket " << listenSocket << " \n"; 
        system("pause"); 
  synchroConnect= false; 
       } 
     serverAddress.sin_family = AF_INET; 
     serverAddress.sin_addr.s_addr = htonl(INADDR_ANY); 
     serverAddress.sin_port = htons(listenPort); 
   
     if (bind(listenSocket, 
     (struct sockaddr *) &serverAddress,sizeof(serverAddress)) < 0)  
        { 
         cerr << "cannot bind socket"; 
         synchroConnect= false; 
        } 
     listen(listenSocket, 5); 
     clientAddressLength = sizeof(clientAddress); 
    connectSocket = accept(listenSocket, 
                           (struct sockaddr *) &clientAddress, 
                           &clientAddressLength); 
    if (connectSocket < 0)  
       { cerr << "cannot accept connection "; 
         synchroConnect= false; 
       } 
    synchroConnect= true; 
  } 
  memset(line, 0x0, LINE_ARRAY_SIZE); 
/////////////////////////////////////////////////////////////////////////// 
  while (1) 
  { if(disconnexion==true) break; 
          char * writable = new char[SOP_Synchroniz.size() + 1]; 




          writable[SOP_Synchroniz.size()] = '\0'; 
    // Send converted line back to client. 
          if (send(connectSocket, writable, strlen(writable) + 1, 0) < 0) 
             cerr << "Error: cannot send modified data"; 
             memset(line, 0x0, LINE_ARRAY_SIZE);  // set line to all zeroes 
       Sleep(30); 
  } 




Appendix 2.24: Real time display function for SOP performance measures. 
void Resultdisplayer() 
   {   
    int count=0, count2=0, count3=0; 
    double faux=0, vrai=0,toolmenu=0; 
    int * errorMemo=NULL; 
    int * more_error; 
 
    int * AssemblyMemo=NULL; 
    int * more_assembly; 
      
    int * ToolsPositionMemo; 
    int * more_tool; 
    bool * ToolMenuMemo; 
    bool * more_ToolMenuMemo; 
 
    int ToolPosition, OrderOfAssembly; 
    int Average_Error=0, Average_Order=0, Average_Tool=0; 
    int Sum_Error, Sum_Order, Sum_Tool; 
    String ^ Coefquality,^Coefvelocity,^Coefpeople,^Coefcost;  
    bool synchronisation; 
    static bool toolutilisation; 
    double meanquality,meanvelocity, meancost,meanpeople;  
      
    double Motion=0, Order=0, Tool=0, People=0; 
    while (1) 
   {  
         if (connexion==1) break; 
   else Sleep(50); 
   } 
    while (1) 
         { 
          Sum_Error=0; 
    Sum_Order=0;  




    bool toolcomp= false, comcomp=false; 
    if (closeProgram==true) break; 
    error=FF->ThreadfunctionCommunication(); 
    count++; 
    more_error = (int*) realloc (errorMemo, count * sizeof(int)); 
    if (more_error!=NULL)  
             { 
              errorMemo=more_error; 
  errorMemo[count-1]=error; 
             } 
          if(Disconnexion==true) break; 
    synchronisation=FF->Synchronizationfct(); 
    comcomp=FF->toolcompfct(false);  
          if (synchronisation == true &&  comcomp== true)     
       { 
  toolcomp=FF->toolcompfct(true); 
  if (toolcomp== true) 
     { 
      ToolPosition=FF->ReturnfunctionOrderToolPos(); 
      count2++; 
      more_tool = (int*) realloc (ToolsPositionMemo, count2 *      
                  sizeof(int));  
                  if (more_tool!=NULL)  
                     { 
                      ToolsPositionMemo=more_tool; 
                ToolsPositionMemo[count2-1]=ToolPosition; 
          } 
      } 
            else  
               { 
                OrderOfAssembly=FF->ReturnfunctionOrderToolPos(); 
                toolutilisation=FF->ReturnfunctionToolMenu(); 
                count3++; 
                more_assembly= (int*) realloc (AssemblyMemo, count3 * sizeof(int)); 
           if (more_assembly!=NULL)  
              {  
                AssemblyMemo=more_assembly; 
                AssemblyMemo[count3-1]=OrderOfAssembly; 
              } 
     more_ToolMenuMemo= (bool*) realloc (ToolMenuMemo, count3 * 
sizeof(bool)); 
             
           if (more_ToolMenuMemo!=NULL)  
              { 
               ToolMenuMemo=more_ToolMenuMemo; 
               ToolMenuMemo[count3-1]=toolutilisation; 
              } 





   if (error== 1) panel1->BackColor = System::Drawing::Color::Green; 
   else if (error== 2) panel1->BackColor= System::Drawing::Color::Orange; 




   SeqNumber= FF->ReturnSeqNumber(); 
   if (currentSeqNum!= SeqNumber) 
      { 
       currentSeqNum= SeqNumber; 
///**** Error Memo  ****/// 
       for (int i=0; i<count; i++) Sum_Error+=errorMemo[i]; 
       Average_Error= Sum_Error/count; 
 if (toolcomp== true) 
   {   
         for (int i=0; i<count2; i++)  
       { 
              Sum_Tool+=ToolsPositionMemo[i]; 
        verage_Tool= Sum_Tool/count2; 
       } 
 } 
     else  
        {for ( int i=0; i<count3; i++)  
       { 
              Sum_Order+=AssemblyMemo[i]; 
  Average_Order= Sum_Order/count3; 
        } 
   } 
////****** Mapping  ******////// 
  Motion = (Average_Error*100)/3; 
 if (toolcomp== true)Tool = (Average_Tool*100)/3; 
       else { 
      if (abs (Average_Order)==0) Order=100; 
      else if ((abs (Average_Order)>0) && (abs (Average_Order)<1)) 
Order= 87; 
      else if (abs (Average_Order)==1)  Order =75; 
      else if ((abs (Average_Order)>1)&&(abs (Average_Order)<2)) 
Order=62; 
      else if (abs (Average_Order) == 2) Order = 50; 
      else if ((abs (Average_Order)>2)&&(abs (Average_Order)<3)) 
Order=37; 
            else if (abs (Average_Order)==3) Order= 25; 
      else if ((abs (Average_Order)>3)&&(abs (Average_Order)<4)) 
Order=12; 
            else if (abs (Average_Order)==4) Order =0; 
      else Order =0; 




         {  
                if (ToolMenuMemo[i]== true) vrai++; 
          else faux++; 
         } 
     toolmenu= vrai/(vrai+faux); 
 } 
////*********Definition of the Metrics*******/////       
       double Coefquality_d=   arrayselection[1]; 
       double Coefvelocity_d=  arrayselection[2]; 
 double Coefpeople_d= arrayselection[0];  
       double Coefcost_d=  arrayselection[3]; 
      
 double Coefquality_dBar= 100-arrayselection[1]; 
       double Coefvelocity_dBar= 100-arrayselection[2]; 
 double Coefpeople_dBar= 100-arrayselection[0]; 
 double Coefcost_dBar= 100-arrayselection[3]; 
////////// End ///////////////////      
quality =   (Motion+toolmenu)*(Coefquality_dBar/100) + 
(Order*(Coefquality_d/100)); 
velocity= ( Tool*(Coefvelocity_dBar/100))- 
((Motion+toolmenu)*(Coefvelocity_d/100)); 




  quality= abs(quality); 
  velocity= abs(velocity); 
  cost= abs(cost); 
  people=abs(people); 
////********* displaying *********///// 
Invoke(gcnew new_foo_delegate2(this,&Form1::ProgressBarfct)); 
if (DataCollectionfeu== true) Invoke(gcnew 
new_foo_delegate2(this,&Form1::DataCollection));   





 Sleep (20); 
      } 










Appendix 2.25: Setup interface for visualising SOP data in real time. 
 
































Appendix 2.29: Instructions provided for trainees during the experimentations of the 
SOP 
 
Standard Operating Procedure (SOP) training program 
Simulation 1 
 
Aim: The objective of the training program is to assemble a fuel filter as efficiently as possible 
in order to obtain high results at the end of the simulation. 
 
After receiving an induction on how to use the virtual reality equipment, please start the 
simulation run. Use the action button on your right hand in order to start the simulation. If you 
require help, make sure to pause the simulation beforehand. 
 
Standard Operating Procedure (SOP) training program 
Simulation 2 
 
Aim: The objective of the training program is to assemble a fuel filter as efficiently as possible 
in order to obtain high results at the end of the simulation. 
 
After receiving an induction on how to use the virtual reality equipment, please start the 
simulation run. Use the action button on your right hand in order to start the simulation. If you 
require help, make sure to pause the simulation beforehand. 
 
Tips:  
 Sets of tool are defined in the decision-making menu. To access them, press the action 
button - this is located on your right hand controller - and select the appropriate tool 







 Standard Operating Procedure (SOP) training program 
Simulation 3 
 
Aim: The objective of the training program is to assemble a fuel filter as efficiently as possible 
in order to obtain high results at the end of the simulation. 
 
After receiving an induction on how to use the virtual reality equipment, please start the 
simulation run. Use the action button on your right hand in order to start the simulation. If you 
require help, make sure to pause the simulation beforehand. 
 
Tips:  
 Before starting the simulation, please consult the Standard Work Element Sheet 
(SWES) and ensure you familiarise yourself with the sequence of assembly. It can be 
found in the first column of the SWES. Each sequence is successfully completed once 
all steps of the assembly have been carried out up until the end.   
 
Standard Operating Procedure (SOP) training program 
Simulation 4 
 
Aim: The objective of the training program is to assemble a fuel filter as efficiently as possible 
in order to obtain high results at the end of the simulation. 
 
After receiving an induction on how to use the virtual reality equipment, please start the 
simulation run. Use the action button on your right hand in order to start the simulation. If you 
require help, make sure to pause the simulation beforehand. 
 
Tips:  
 Before starting the simulation, please consult the Standard Work Element Sheet 
(SWES) and ensure you familiarise yourself with the sequence of assembly. It can be 
found in the first column of the SWES. Each sequence is successfully completed once 




 Sets of tool are defined in the decision-making menu. To access them, press the action 
button - this is located on your right hand controller - and select the appropriate tool 
for the right process. 
 
Standard Operating Procedure (SOP) training program 
Simulation 5 
 
Aim: The objective of the training program is to assemble a fuel filter as efficiently as possible 
in order to obtain high results at the end of the simulation. 
 
After receiving an induction on how to use the virtual reality equipment, please start the 
simulation run. Use the action button on your right hand in order to start the simulation. If you 
require help, make sure to pause the simulation beforehand. 
 
Tips:  
 Before assembling the virtual item, consult the Standard Work Element Sheet (SWES) 
and carefully follow the hand motion described in the picture section. Please follow 
the trainer/assessor guidance. 
 
Standard Operating Procedure (SOP) training program 
Simulation 6 
 
Aim: The objective of the training program is to assemble a fuel filter as efficiently as possible 
in order to obtain high results at the end of the simulation. 
 
After receiving an induction on how to use the virtual reality equipment, please start the 
simulation run. Use the action button on your right hand in order to start the simulation. If you 







 Before assembling the virtual item, consult the Standard Work Element Sheet (SWES) 
and carefully follow the hand motion described in the picture section. Please follow 
the trainer/assessor guidance. 
 Sets of tool are defined in the decision-making menu. To access them, press the action 
button - this is located on your right hand controller - and select the appropriate tool 
for the right process. 
 
Standard Operating Procedure (SOP) training program 
Simulation 7 
 
Aim: The objective of the training program is to assemble a fuel filter as efficiently as possible 
in order to obtain high results at the end of the simulation. 
 
After getting the induction on how to use the virtual reality equipment, please start the 
simulation run. Use the action button on your right hand in order to start the simulation. If you 
require help make sure to pause the simulation beforehand. 
 
Tips:  
 Before assembling the virtual item, consult the Standard Work Element Sheet (SWES) 
and carefully follow the hand motion described in the picture section. Please follow 
the trainer/assessor guidance. 
 Before starting the simulation, please consult the Standard Work Element Sheet 
(SWES) and ensure you familiarise yourself with the sequence of assembly. It can be 
found in the first column of the SWES. Each sequence is successfully completed once 










Standard Operating Procedure (SOP) training program 
Simulation 8 
 
Aim: The objective of the training program is to assemble a fuel filter as efficiently as possible 
in order to obtain high results at the end of the simulation. 
 
After receiving an induction on how to use the virtual reality equipment, please start the 
simulation run. Use the action button on your right hand in order to start the simulation. If you 
require help, make sure to pause the simulation beforehand. 
 
Tips:  
 Before assembling the virtual item, consult the Standard Work Element Sheet (SWES) 
and carefully follow the hand motion described in the picture section. Please follow 
the trainer/assessor guidance. 
 Before starting the simulation, please consult the Standard Work Element Sheet 
(SWES) and ensure you familiarise yourself with the sequence of assembly. It can be 
found in the first column of the SWES. Each sequence is successfully completed once 
all steps of the assembly have been carried out up until the end.   
 Sets of tool are defined in the decision-making menu. To access them, press the action 
button - this is located on your right hand controller - and select the appropriate tool 
for the right process. 
 
 
Standard Operating Procedure (SOP) training program 
Simulation 9 
 
Aim: The objective of the training program is to assemble a fuel filter as efficiently as possible 
in order to obtain high results at the end of the simulation. 
 
After receiving an induction on how to use the virtual reality equipment, please start the 
simulation run. Use the action button on your right hand in order to start the simulation. If you 






 Health and safety is one of the important elements of SOP; make sure you consult the 
work sequence description of the Standard Work Element Sheet (SWES) and action the 
health and safety element when required.  
 
Standard Operating Procedure (SOP) training program 
Simulation 10 
 
Aim: The objective of the training program is to assemble a fuel filter as efficiently as possible 
in order to obtain high results at the end of the simulation. 
 
After receiving an induction on how to use the virtual reality equipment, please start the 
simulation run. Use the action button on your right hand in order to start the simulation. If you 
require help, make sure to pause the simulation beforehand. 
 
Tips:  
 Health and safety is one of the important elements of SOP; make sure you consult the 
work sequence description of the Standard Work Element Sheet (SWES) and action the 
health and safety element when required.  
 Sets of tool are defined in the decision-making menu. To access them, press the action 
button - this is located on your right hand controller - and select the appropriate tool 












Standard Operating Procedure (SOP) training program 
Simulation 11 
 
Aim: The objective of the training program is to assemble a fuel filter as efficiently as possible 
in order to obtain high results at the end of the simulation. 
 
After receiving an induction on how to use the virtual reality equipment, please start the 
simulation run. Use the action button on your right hand in order to start the simulation. If you 
require help, make sure to pause the simulation beforehand. 
 
Tips:  
 Health and safety is one of the important elements of SOP; make sure you consult the 
work sequence description of the Standard Work Element Sheet (SWES) and action the 
health and safety element when required.  
 Before starting the simulation, please consult the Standard Work Element Sheet 
(SWES) and ensure you familiarise yourself with the sequence of assembly. It can be 
found in the first column of the SWES. Each sequence is successfully completed once 
all steps of the assembly have been carried out up until the end.   
 
Standard Operating Procedure (SOP) training program 
Simulation 12 
 
Aim: The objective of the training program is to assemble a fuel filter as efficiently as possible 
in order to obtain high results at the end of the simulation. 
 
After receiving an induction on how to use the virtual reality equipment, please start the 
simulation run. Use the action button on your right hand in order to start the simulation. If you 








 Health and safety is one of the important elements of SOP; make sure you consult the 
work sequence description of the Standard Work Element Sheet (SWES) and action the 
health and safety element when required.  
 Before starting the simulation, please consult the Standard Work Element Sheet 
(SWES) and ensure you familiarise yourself with the sequence of assembly. It can be 
found in the first column of the SWES. Each sequence is successfully completed once 
all steps of the assembly have been carried out up until the end.   
 Sets of tool are defined in the decision-making menu. To access them, press the action 
button - this is located on your right hand controller - and select the appropriate tool 
for the right process. 
Standard Operating Procedure (SOP) training program 
Simulation 13 
 
Aim: The objective of the training program is to assemble a fuel filter as efficiently as possible 
in order to obtain high results at the end of the simulation. 
 
After receiving an induction on how to use the virtual reality equipment, please start the 
simulation run. Use the action button on your right hand in order to start the simulation. If you 
require help, make sure to pause the simulation beforehand. 
 
Tips:  
 Health and safety is one of the important elements of SOP; make sure you consult the 
work sequence description of the Standard Work Element Sheet (SWES) and action the 
health and safety element when required.  
 Before assembling the virtual item, consult the Standard Work Element Sheet (SWES) 
and carefully follow the hand motion described in the picture section. Please follow 









Standard Operating Procedure (SOP) training program 
Simulation 14 
 
Aim: The objective of the training program is to assemble a fuel filter as efficiently as possible 
in order to obtain high results at the end of the simulation. 
 
After receiving an induction on how to use the virtual reality equipment, please start the 
simulation run. Use the action button on your right hand in order to start the simulation. If you 
require help, make sure to pause the simulation beforehand. 
Tips:  
 Health and safety is one of the important elements of SOP; make sure you consult the 
work sequence description of the Standard Work Element Sheet (SWES) and action the 
health and safety element when required.  
 Before assembling the virtual item, consult the Standard Work Element Sheet (SWES) 
and carefully follow the hand motion described in the picture section. Please follow 
the trainer/assessor guidance. 
 Sets of tool are defined in the decision-making menu. To access them, press the action 
button - this is located on your right hand controller - and select the appropriate tool 
for the right process. 
 
 
Standard Operating Procedure (SOP) training program 
Simulation 15 
 
Aim: The objective of the training program is to assemble a fuel filter as efficiently as possible 
in order to obtain high results at the end of the simulation. 
 
After receiving an induction on how to use the virtual reality equipment, please start the 
simulation run. Use the action button on your right hand in order to start the simulation. If you 








 Health and safety is one of the important elements of SOP; make sure you consult the 
work sequence description of the Standard Work Element Sheet (SWES) and action the 
health and safety element when required.  
 Before assembling the virtual item, consult the Standard Work Element Sheet (SWES) 
and carefully follow the hand motion described in the picture section. Please follow 
the trainer/assessor guidance. 
 Before starting the simulation, please consult the Standard Work Element Sheet 
(SWES) and ensure you familiarise yourself with the sequence of assembly. It can be 
found in the first column of the SWES. Each sequence is successfully completed once 
all steps of the assembly have been carried out up until the end.   
 
Standard Operating Procedure (SOP) training program 
Simulation 16 
 
Aim: The objective of the training program is to assemble a fuel filter as efficiently as possible 
in order to obtain high results at the end of the simulation. 
 
After receiving an induction on how to use the virtual reality equipment, please start the 
simulation run. Use the action button on your right hand in order to start the simulation. If you 
require help, make sure to pause the simulation beforehand. 
 
Tips:  
 Health and safety is one of the important elements of SOP; make sure you consult the 
work sequence description of the Standard Work Element Sheet (SWES) and action the 
health and safety element when required.  
 Before assembling the virtual item, consult the Standard Work Element Sheet (SWES) 
and carefully follow the hand motion described in the picture section. Please follow 
the trainer/assessor guidance. 
 Before starting the simulation, please consult the Standard Work Element Sheet 
(SWES) and ensure you familiarise yourself with the sequence of assembly. It can be 
found in the first column of the SWES. Each sequence is successfully completed once 
all steps of the assembly have been carried out up until the end.   
 Sets of tool are defined in the decision-making menu. To access them, press the action 
button - this is located on your right hand controller - and select the appropriate tool 
for the right process. 
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  
